



Ferrocene-Based Monomers, Oligomers and Polymers as 
Electro-Active Materials  
 
von der Fakultät der Naturwissenschaften  




zur Erlangung des akademischen Grades 
doctor rerum naturalium 




vorgelegt von M. Sc. Khaled Al Khalyfeh  
geboren am 11. Juni 1983 in Aqaba, Jordanien 
 
eingereicht am 11. Oktober 2016 
 
Gutachter:              Prof. Dr. Heinrich Lang 
   Prof. Dr.-Ing. Olfa Kanoun 
 




Abstract | i 
 
ABSTRACT 
M. Sc. Khaled Al Khalyfeh 
Ferrocene-Based Monomers, Oligomers and Polymers as Electro-Active Materials 
Technische Universität Chemnitz, Faculty of Natural Sciences. 
PhD Thesis 2016, 119 Pages. 
The present PhD thesis deals with the synthesis and characterization of functionalized ferro-
cenes with up to four aldehyde and vinyl groups and their usage as monomers to produce novel 
ferrocene-based oligomers with conjugated backbones via ADMET (acyclic diene metathesis) and 
HWE (Horner-Wadsworth-Emmons) reaction protocols. In addition, ferrocene-containing poly-
mers (linear, cross-linked and co-polymers) with aliphatic backbones generated by anionic bulk 
and solution polymerization routes, and their electrochemistry behaviors were studied. The main 
aspects of this work lies in the enhancement of the electrical properties of the ferrocene-based 
materials (oligomers or polymers) by varying the polymer backbone, providing multi-functionali-
ties for cross-linking and co-polymerization processes and thereby increasing the molecular weight 
of the products, furthermore, the application as electro-active martials, especially for the charge 
storage purposes is discussed. 
High monomer consumption, relatively high molar mass as well as longer chains were 
achieved by bulk protocol. Electrochemical measurements (CV) reveals that formyl-ferrocenes 
bearing more than two formyl functionalities are very electron poor materials and easily decom-
poses upon oxidation. Reducing the measurement temperature and the usage of [NnBu4][B(C6F5)4] 
as electrolyte allowed for reliable behavior. A linear correlation between the redox potential and 
the number of the formyl functionalities was found. Multicyclic measurements showed that ferro-
cenyl / ferrocenium redox couples in the polymeric materials are stable at least up to 100 cycles. 
The spectro-electrochemical studies show that the conjugated materials (oligomers) have electron 
transfer interactions (IVCT) through the chains, while the aliphatic backbone between the ferro-
cenyl units (poly vinylferrocene materials) hindered the metal-metal coupling along the chain and 
only a ligand-to-metal charge transfer excitation could be observed. 
 
Keywords: Anionic polymerization; Copolymers; Electrochemistry; Polyvinylferrocene; Spectroelectrochem-
istry; Sulfur-Selenium bridges.  
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Schwefel-Selen Brücke. 
BIBLIOGRAPHISCHE BESCHREIBUNG UND REFERAT 
M. Sc. Khaled Al Khalyfeh 
Ferrocenbasierte Monomere, Oligomere und Polymere als elektroaktive  
Materialien 
Technische Universität Chemnitz, Fakultät für Naturwissenschaften. 
Dissertation 2016, 119 Seiten. 
Die vorliegende Doktorarbeit beschäftigt sich mit Synthese und Charakterisierung von funk-
tionalisierten Ferrocenen mit bis zu vier Aldehyd- und Vinylgruppen und ihrer Verwendung als 
Monomere für neuartige ferrocenbasierte Oligomere mit konjugiertem Rückgrat unter ADMET- 
(acyclic diene metathesis) und HWE- (Horner-Wadsworth-Emmons) Reaktionsbedingungen. Zu-
sätzlich wurden ferrocenhaltige Polymere mit einem aliphatischen Rückgrat durch Polymerisation 
mit und ohne Lösemittel hergestellt und ihr elektrochemisches Verhalten untersucht. Das Haupt-
augenmerk dieser Arbeit liegt in der Optimierung der elektrochemischen Eigenschaften der fer-
rocenbasierten Materialien (Oligomere oder Polymere) durch Variation des Polymerrückgrats, 
welche zahlreiche funktionelle Gruppen für die vernetzte Polymerisation und die Co-Polymerisa-
tion liefert. Durch diesen Prozess wird das molekulare Gewicht erhöht. Zusätzlich wird die Ver-
wendung als elektroaktive Materialien insbesondere für die Energiespeichertechnik diskutiert. 
Durch lösungsmittelfreie Reaktionsbedingungen wurden ein hoher Monomerumsatz, relativ 
hohe molare Massen und zugleich längere Polymerketten erzielt. Elektrochemische Messungen 
(CV) zeigten, dass Ferrocenmoleküle mit mehr als zwei Formylgruppen die Elektronendichte an 
der Ferrocenyleinheit verringern  und bei Oxidation leicht zersetzt werden. Erniedrigung der Mess-
temperatur und die Verwendung des nur schwach koordinierenden Leitsalzes [NnBu4][B(C6F5)4] 
führten zu aussagekräftigen Ergebnissen. Weiterhin konnte ein linearer Zusammenhang zwischen 
dem Redoxpotential und der Anzahl der Formyleinheiten aufgezeigt werden. Mutlizyklische Mes-
sungen bestätigten, dass das Ferrocen / Ferrocenium-Redoxpaar mindestens 100 Zyklen stabil ist. 
Mittels spektroelectrochemisches Messungen konnte gezeigt werden, dass konjungierte (oligo-
mere) Verbindungen eine elektronische Wechselwirkung (IVCT) aufweisen, während aliphatische 
Rückgrade eine Wechselwirkung zwischen Ferrocen / Ferrocenium (polyvinylferrocenbasierte 
Materialien) verhindern und nur ein LMCT Übergang (Ligand zu Metall Charge-Transfer) beo-
bachtet werden kann.  
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1. 1. Background 
A panorama view around ourselves reveals the importance of electro-active materials with var-
ying electronic properties for the modern life. Insulators, semiconductors and conductors are om-
nipresent in our daily life, for example, switching on our laptops an insulator is used (switcher 
button) to provide a connection of two conductors for an electron flow through a complicated net-
work system of semiconductors (for example, diodes and transistors) and conductors (for example, 
wires and aluminum cooling plates) which is built on an insulators base. However, since such elec-
tronic devices become portable and autonomous, the demands for portable power storage increased. 
Nowadays, the development of new electro-active materials became an interesting area of re-
search for scientists. In recent years, the demand for low power consumption in the electronic de-
vices is growing at a significant rate, while the energy demands, the environmental awareness as 
well as the challenges to find a charge storage materials that satisfy portable power requirements in 
the modern society are increases enormously.A-(1–3) And thus, the development of efficient batteries 
with high capacity of energy and less environmental effects becomes a major task. 
Rechargeable batteries (secondary batteries) are the key component of portable devices. Due 
to high energy density, lightweight, flexible design and longer lifespan, Li-ion batteries show ex-
tensive applications in portable devices and considered as the most promising battery technology 
in modern life.A-(4–6) Whereas, this technology is restricted to use in cathode (positive) electrodes, 
which almost gives much lower capacity than the anode (negative) electrode.A-1 Many efforts were 
made to developed cathode materials with high capacity and high stability. Mainly transition-metal-
oxides materials such as, LiCoO2, LiMn2O4 and LiFePO4 etc. were used.
A-(5,6) However, the large 
scale applications of this materials towards future (hybrid) electric vehicles and renewable power 
stations have been limited and restricted due to disadvantages, such as, CO2 emission and high 
energy demand during the manufacturing process as well as the limited of minerals resources and 
waste treatment processes.A-(1,5–9)  
Background | 3 
 
 
On the other hand, metallic lithium anode electrodes have been candidates for high energy 
density secondary batteries (batteries able to recharge). Despite the attempts to develop secondary 
batteries, many problems have been encountered, for example, poor cycle performance, long charg-
ing time and poor safety characteristics.A-(4–6) This problematic issues are probably due to dendritic 
lithium formation during charging-discharging cycles, when dendrites are growing and penetrate 
the separator, an internal short circuit will be caused between the anodic and cathodic electrodes 
and lead to poor cyclic performance and safety problems. Lithium-storing materials such as, carbo-
naceous materials (lithium/carbon alloys) are proposed to overcome such problematic issues and 
inherits advantages of metallic lithium (Figure A - 1).A-(4,7) 
Many organic and organometallic materials including electroactive conducting polymers were 
investigated as positive electrode materials for secondary batteries. Due to their high electronic 
conductivity and reversible redox activity, ferrocene containing polymers among conducting poly-
mers seem to be the most probable candidate.A-(10–12) 
 
Figure A - 1. Schematic representation of (a) Li-rechargeable battery with metallic lithium neg-
ative electrode, (b) Li-rechargeable battery with Lithium-storing materials (alloys) negative elec-
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1. 2. Ferrocene as electroactive material 
Due to the chemical and electrochemical unique characteristics, organometallic compounds 
have extensively been investigated in the field of electro-active matrials.A-(13–19) Ferrocene among 
organometallic compounds has ideal properties, such as high tolerance to oxygen and moisture, 
thermal stability,A-(20–23) electron-rich aromatic behavior in electrophilic aromatic substitution reac-
tions, facial lithiation (at 1 or 1,1′-position), diversity and multitude of the substituents as well as 
unusual capability to stabilize carbocations at the benzylic-like position. The properties of ferrocene 
provide many productive ways for various functionalities.A-(21,22,24–26) 
Ferrocene is the most probable candidate as typical electroactive material. It was extensively 
used as standard reference in electrochemical studies because of its superior electrochemical re-
sponse and independent redox characteristic from solvent effects.A-(13,27–30) In general, the oxidation 
process of ferrocene into ferrocenium ion is reversible. In addition, the demonstrated reaction rate 
(7 × 10-1cm∙s-1) is larger than that known for other electroactive materials of charge storage de-
vices.A-31 It is foreseeable that the obtainable current (capacity is proportional to ferrocene content) 
similarly to other iron-containing electroactive materials such as FeS, Li2FeS2 and LiFePO4 via 
redox reactions.A-(31–34) 
Thus, ferrocene derivatives and ferrocene-containing polymers as electroactive electrodes have 
been utilized in various applications, for example, sensors, memory devices, photo-chemical cells 
and charge storage materials.A-(13,27,35,36) 
1. 3. Conducting polymers 
1. 3. 1. Metal containing polymers 
In the later quarter of the 20th century the growth of organic is mainly attributed to their easy 
preparation and useful mechanical properties.A-37 A wide range of processable functionalized pol-
ymers and novel chemical, electrical, physical and magnetic characteristics are offered by the in-
clusion of metals into polymeric materials and thus, intensive studies on the synthesis and perspec-
tive useful applications of metallopolymers have become an interesting area of research.A-(37–40) 
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In general, depending on how and where the metal atoms are incorporated and the nature of 
the linkages between the metal atoms, a variety in geometry were observed and used to improve 
the potential applications.A-(40,41) For example, the combination of anisotropy properties and photo 
responsive behavior rises the area of optical applications, such as non-linear optical (NLO) devices, 
optical switches, diffractive optical elements and liquid crystal displays (LCD’s).A-(42–44) In the field 
of medical science, important applications developed too, they are presenting an important role in 
the controlled drug delivery system, protein analysis, biomedical implants (catheters) and improve-
ment of artificial organs.A-(45–48) Furthermore, metal-containing polymers are considered to be very 
vital within the material engineering because of their fascinating architectures and applications as 
electrically conductive materials for semiconductor purposes, such as, lightweight electrodes and 
electrolyte for automotive batteries and aerospace applications.A-(12,49–52) 
Generally, such topics are trans- and interdisciplinary oriented including organic, inorganic 
and polymer chemistry as well as electrochemistry and material sciences. 
1. 3. 2. Ferrocene-containing polymers 
Although a variety of metallopolymers possess interesting chemical, magnetic and electrical 
properties, the researchers in the field of material sciences focused on metallocene-containing pol-
ymers because of their interesting properties that arise from their unique sandwich-like structures 
such as redox behavior and thermal stability.A-(28,53,54) After the discovery of ferrocene as the first 
sandwich compound, oligomers, polymers and macromolecules such as dendrimers have been syn-
thesized and quickly found use as electroactive materials.A-(12,15,24,53,55) Ferrocene-containing poly-
mers seem to be most common organometallic redox systems due to their electrochemical proper-
ties, such as electron donating ability, super-fast electrochemical response, thermal stability and 
redox reversibility which nominate them to be a standard reference system in the electrochemical 
analysis and anodic or cathodic electrode for energy storage applications.A-(1,27,29,30,53,56) 
In 1955, well-characterized polymer bearing ferrocene moieties as a pendant group were syn-
thesized by polymerization of vinylferrocene.A-57 It was until 1980s that only a few polymers of 
acrylate and methacrylate were synthesized using a conventional technique such as free radical, 
cationic and anionic polymerization and hence due to the fact that most of these polymers lack a 
controlled average molecular weight and molecular weight distribution as well as the ability to 
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produce block co-polymers, such polymerization types have been less explored.A-(53,57–59) Mean-
while, Manners developed well-characterized main-chain polymers of ferrocene with high molec-
ular weights by applying the anionic ring opening polymerization on ring-tilted feroccenophanes.A-
19 This work opened a new area in the topic of ferrocene-containing polymers which has grown 
very fast and flourished over the last 35 years,A-(19,53,60–62) Although a variety of main-chain ferro-
cene containing polymers have been synthesized by using different new methods such as anionic 
and ring opening metathesis polymerization in the 1990s and 2000s,A-(19,63,64) an attention to those 
first side-chain ferrocene containing polymers has been attracted and well-defined polymers and 
copolymers were developed using these new polymerization techniques.A-(65–67) 
Recently, the controlled/living anionic polymerization technique make an impressive growth 
in the same field, because of their ability to produce high functionalized polymer with pre-deter-
mining average molecular weight and low dispersities.A-(64,68,69) Within this respect, very little work 
has been carried outs especially to synthesis vinylferrocene-containing polymers and study their 
electrochemical properties. Polymers containing ferrocene units in their π-conjugated main chains 
also reveal electrochemical activity because of the electronic interaction through π-conjugated units 
between the ferrocenyl moieties.A-(27,55,70,71) However, such π-conjugated chains are found to be stiff 
and their presence make the ferrocenyl-containing polymers insoluble and infusible.A-51 
In general, among metal-containing polymers, ferrocene-containing polymers such as polyvi-
nylferrocene seem to be the most probable candidate as redox polymers since they are able to 
change their electrochemical properties via oxidation or reduction. A-(1,15,29,30,53,72) Furthermore, due 
to electrochemical reversibility, ease to control the redox activity and chemical stability,A-(11,15,50) 
these polymers received considerable interest in the last decades to be used in many different ap-
plications such as electrochemical devices,A-(73–77) (batteries,A-(1,12,15) biosensors,A-(78,79) electro-
chromic, A-(42,50) electro analysis reference electrodesA-(14,80) etc.) and material science (nanoceram-
ics,A-52 actuators,A-46 drug delivery systemsA-(47,48) etc). Figure A - 2 shows some examples of fer-
rocenyl-based polymers applications.  
 




Figure A - 2. Examples of ferrocenyl-based polymer applications, (a) actuators, (b) nanocap-
sule drug delivery systems, (c) glucose electrochemical biosensor and (d) lithium-ion battery as 


























Organometallics | 8 
 
 
2. State of Knowledge  
The present work engages several aspects in the field of organometallic chemistry, electro-
chemistry and material sciences. Thus, the current section “State of Knowledge” is introduced to 
offer an overview on significant fundamentals concerning such topics. A brief history of organo-
metallics development are reported first, followed by a description of novel synthetic methodolo-
gies and specific peculiarities of ferrocene derivatives. In the third section, selected polymerization 
methods were discussed as the most productive way to generate different architectures of polyvi-
nylferrocene polymers. Semiconductors and charge storage materials are the most related applica-
tions for the presented work, and hence, subsection four is directed to make an overview through 
the literatures concerning in such applications. In the last part, the sociological importance and the 
challenges stated in the presented thesis are elaborated. 
2. 1. Organometallics 
In 1760 cacodyl (tetramethyldiarsine) was isolated from cobalt minerals containing arsenic and 
inks based on cobalt salts were investigated by Louis Claude and representing the first organome-
tallic compound. The first Olefin-platinum complex (Zeise’s salt) was synthesized by William 
Zeise in 1827. Organochlorosilanes, nickel tetracarbonyl and Grignard reactions were introduced 
in the second half of the 18th century. In 1912, the Nobel prize was awarded to Victor Grignard 
(Grignard reaction) and Paul Sabatier (metal-catalyzed hydrogenation).  Pauson and Kealy discov-
ered Ferrocene in 1951 as the first sandwich complex. In the last 55 years six Nobel prizes were 
awarded to organometallic chemists, for examples, 1963 for Ziegler-Nata catalysis, 2005 for metal-
catalyzed alkene metathesis and 2010 for Palladium catalyzed cross-coupling reactions.A-(81,82)  
Recently, interest in organometallic materials increase greatly with the recognition that their 
unique electrical and chemical properties nominate them for using in a plethora of different appli-
cations,A-56 for examples, biomedical treatment,A-(45,47,48) fertilizers,A-(83,84) non-linear optical de-
vices,A-(42,44) thin film transistors,A-85 light emitting diodes,A-86 electrochemical sensors,A-79 molec-
ular magnetic,A-(87,88) catalysisA-24 and many more.A-(89–91) Mainly for electroactive materials such 
as semiconductors,A-(49,55,92) conducting and charge storage materialsA-(50,72,93) organometallic oli-
gomers and polymers are in the focus. Furthermore, multifunctionalized polymers can easily be 
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designed and synthesized by incorporating a desired metal into a main chain or side chain charge 
transport polymer backbones.A-40 
2. 2. Ferrocene Derivatives  
Since the sandwich structure disclosed in 1952 and due to their robustness and “aromaticy”, 
the synthesis of ferrocene derivatives and their applications pursued continuously.A-(20,21,94) The 
common methods to introduce functional groups onto one or both cyclopentadienyl rings of ferro-
cene involve that the main-group metal derivatives of pre-substituted cyclopentadienyl such as 
(C5Me5Li) reacted with iron(II) chloride to build symmetrically di- or polysubstituted ferrocenes.
 
A-(25,26,95–98) Alkylation or acylation of the ferrocene Cp-rings via electrophilic aromatic substitution 
reactions (for example, Friedel-Crafts reaction) offers mono- and symmetrical disubstituted ferro-
cenes, which can be separated via chromatographic techniques.A-(99–102) Furthermore, the most well-
defined methods within this respect are the metallation of ferrocene with n-butyl-lithiumA-26 or ac-
etal-ferrocene with sec- butyl-lithium,A-25 which is followed by an electrophilic reaction to produce 
a mixture of mono- and 1,1′-disubstituted ferrocenes or 1,2-disubstituted ferrocenes.A-103 
2. 2. 1. Formylferrocene 
Rosenblum and Pauson did repeat on the synthesis of the ferrocene-based analog benzalde-
hyde.A-25 They utilized the high reactivity of ferrocene to produce the formylferrocene, where both 
of them succeeded and published upon Vilsmeier-formylation and Sommelet reaction, respec-
tively.A-(104,105) However, up to date Vilsmeier-formylation is still the most common method to syn-
thesize formyl-ferrocene, however, this route is unattainable to introduce a second and third alde-
hyde group onto ferrocene, which will be deactivated electronically by the first aldehyde group.A-
25 
Derivatives of ferrocene have widely been studied because of their value as starting materials 
in both organic and organometallic chemistry. In general, formyl groups are introduced to access 
many functionalities.A-(25,98) Hence, ferrocene with multi-formyl groups such as the isomeric di-
formylferrocenes becomes significant fundamental and practical interest. The synthesis of 1,1′-di-
formylferrocene with moderate yield was reported by Osgerby and Pauson in the beginning of the 
1960s,A-106 1,1′-dihydroxymethylferrocene can be oxidized by manganese dioxide within three 
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steps starting from ferrocene. However, several attempts to synthesize 1,2-diformyle isomer were 
performed with a yield not more than 25%.A-(107,108)  
In 1991 Balavoine and coworkers published a simple and efficient “one-pot” procedure to pro-
duce in 70% yield 1,1′-diformylferrocene by the treatment of the 1,1′-dilithiated ferrocene-TMEDA 
complex with N,N-dimethylformamide.A-26 In most cases dimetallation of ferrocene leads to 1,1′-
dilithiated derivatives, even a stepwise metallation leads to this substitution pattern. A-(26,106,109) As 
exception, the dimethylaminomethyl substituent serves as ortho-directing group to provide 1,2-
disubsituted ferrocenes.A-108 Until the beginning of this century, higher formylated ferrocenes were 
not known due to synthesis problematics, while the 1,1′,2-trilithiation in the case of osmocenes and 
ruthenocenes were known.A-110 Steffen and coworkers reported a general procedure to formylated 
ferrocenes.A-25 The acetal group (1,3-dioxan-2-yl) which is accessible by the acid-catalyzed acetal-
ization of 1,3-propanediol serves as ortho-directing group for the metallation and offers 1,2-di-
formylferrocene after deprotection of the acetal group in a very good yield (89 %). In addition, 
traces of 1,2,1′-triformylferrocene were found.  
2. 2. 2. Vinylferrocene 
Shortly after the discovery of ferrocene, vinylferrocene was reported by Arimoto and Haven in 
1955.A-57 The pyrolysis of 1-ferrocenylethanol was carried out under reduced pressure at 200 °C in 
the presence of alumina, this methodology offers a yield of 21 %. Thereafter, a 75 % yield of the 
same product was obtained when 1-ferrocenylethanol was dehydrated by acidic alumina in reflux-
ing benzene.A-111 An alternative synthetic route based on the Wittig reaction has been developed in 
1968, as the reaction of formylferrocene with methylenetriphenylphosphorane in dimethyl sulfox-
ide afforded vinylferrocene in the yield of 81 %.A-112 In the past decades, the Wittig reagent is 
commercially available. However, it can be prepared easily by treating the phosphonium salt (me-
thyltriphenylphosphonium bromide) with strong base such as KOtBu or n-BuLi in THF. Thus, 1,2- 
and 1, 1′-divinylferrrocne have been obtained by using this utility of the Wittig reaction.A-(69,113) 
The very high yield availability and the excellent purities by convenient synthesis routes nom-
inate vinylferrocene to be a promising monomer for organometallic polymers.A-(43,69,113) 
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2. 3. Vinylferrocene-containing polymers 
Vinylferrocene has long been recognized as having great potential in the development of or-
ganometallic chemistry as well as organometallic polymer chemistry. It was only shortly after its 
discovery in 1955 that attempts were made to produce polymeric derivatives of this remarkable 
compound.A-113 Starting from vinylferrocene is probably the simplest way to incorporate ferrocene 
units into polymer materials.  
2. 3. 1. A brief history of vinylferrocenes polymerization  
As soon as Arimoto and Haven synthesized the vinylferrocene, they started to polymerize it 
using several methods such as cationic polymerization using phosphoric acid at 80 °C, free radical 
polymerization using azodiisobutyronitrile (AIBN) and potassium persulfate as initiators at the 
same temperature. Furthermore, they obtained a cross-linked polymers with Formaldehyde and co-
polymers with methyl methacrylate. Whereas no further details about the characterization is re-
ported.A-57 
 In the 1970s, further copolymers have been synthesized, for example, copolymers with sty-
rene, vinyl acetate, methyl acrylate, methyl methacrylate, acrylonitrile, isopreneA-114 [118] N-vi-
nylpyrrolidoneA-59 and N-vinylcarbazole.A-111 Even more TEMPO-mediated controlled radical 
polymerization showed to provide access to homopolymers and block copolymers,A-115 whereas all 
of these cases average molecular weight above 4000 g.mol-1 are hardly offered. According to the 
electron spin resonance (ESR) and Mössbauer spectroscopy the radical chain growths is affected by 
the redox reaction of the ferrocenyl moiety.A-(116,117) In addition, some physical and chemical effects 
such as formation of stiff and inflexible polymer chains around aggregated macro-anions limit the 
chain growth.A-69 Gallei and others have obtained an efficient reactivation for the deactivated or 
“sleeping” PVFc macro-anions by treatment with 1,1-dimethylsilacyclobutane and 1,1-diphe-
nylethylene to form block-copolymer products in 2010.A-(69,118)  
It is noticeable that earlier studies focused on the side chain polymers (bearing ferrocene as a 
pendant group) such as polyvinylferrocene.A-(43,53) 
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2. 3. 2. Anionic (living) polymerization of vinylferrocenes 
The anionic polymerization approach for vinyl ferrocenes was considered to be hopeless for 
electronics reasons.A-(118,119) This was until 1992, where Burkhardt proved the feasibility of the an-
ionic polymerization approach in his PhD thesis.A-120 Moreover, in 1997 homopolymers as well as 
block copolymers with styrene, methyl methacrylate and propylene sulfide have been reported by 
Nuyken and Burkhardt.A-64 
As they reported, anionic polymerization (living polymerization) can be initiated with n-BuLi 
or s-BuLi in either tetrahydrofuran (scheme A - 1) or dioxane/[12]-crown-4, while it is impossible 
in other solvents such as toluene, dioxane and dichloromethane, even in tetrahydrofuran it is re-
ported to be not possible in case of using phenyl lithium or potassium naphthyl as initiators. How-
ever, living polymerization can be initiated with n-BuLi above –45 °C, the molecular weight can 
be controlled by the monomer to initiator mole ratio, a narrow molecular weight distribution can be 
afforded, and the ability for more sequential monomer addition (Scheme A - 2) increases the mo-
lecular weights.A-(64,120) 
 




Scheme A - 2. Monomer addition through living polymerization.A-64 
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Although Naphth.-K was not able to initiate the polymerization in tetrahydrofuran even with 
varied temperature. However, it was used to prepare distyryl dianion intermediates which offer a 
new pathway to polymerize vinylferrocene in a high monomer conversion and narrow distribution 
(Scheme A - 3). The later route have been extended to synthesis vinylferrocene block copolymers 
with styrene, methyl methacrylate and propylene sulfide.A-64 
 
Scheme A - 3. Anionic polymerization via distyryl dianion intermediate starting from potassium-
naphthalide. (Redrawn and modified from reference A-64). 
Since then, the literatures reveals that research in the anionic polymerization of vinylferrocenes 
did not made a significant progress.A-69 After that, in the middle of 2000s the advantages of this 
pioneering achievement attract the attention of BalsaraA-121 and Faust.A-(122,123) They reported vi-
nylferrocene block copolymers of polyisoprene and polyisobutylene, respectively.A-(121–123) How-
ever, there exist only few papers dealing with such fundamental topic of polymerization even with 
the products characterization.  
At this point, an overview throughout the reported works reveals that the hesitant application 
vinylferrocenes anionic polymerization is mainly due to the limitations and severe drawbacks. In 
spite of the rapid and smooth chain propagation during the oligomeric stages, the rate of chain 
propagation collapses immediately as the growing species of the macro-anions reach average mo-
lecular weight between 3000-5000 g∙mol-1. Moreover, the chain propagation stops before consum-
ing the monomers molecules as soon as the average molecular weight exceeds 8000 g∙mol-1 while 
the chains are unambiguously still “alive”. These living chains are proven since the chain growth 
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restarts instantaneously, when the vinylferrocene monomer is added to the reaction mixture and the 
average molecular weight becomes relatively above 9000 g.mol-1.A-(64,120)  
Recently, a very few works on living anionic polymerization were published. Gallei and his 
coworkers reports in 2010 several attempts to improve the living anionic polymerization reaction 
and they achieve no better than other before, although they varied systematically with the solvent 
and the temperature as well as they add coordinating species such as N,N,N,N-tetramethylethylene-
diamine (TMEDA) to accelerate the chain growth and complete monomer conversion. However, 
they also mention that no polymers were formed as the reaction hold in tetrahydrofuran at room 
temperature and the original monomer were retained. They suggested that the temperature range 
between –15 to –25 °C seems to be the best for such reactions.A-69 The advantage of the anionic 
polymerization that the growing chains are still alive at the end of the reaction, were utilized in 
2013 by Elbert and his coworkers. They introduced a suitable functional group as ending group for 
the intended “grafting onto” approach (Scheme A - 4).A-124 
In conclusion, the living anionic polymerization provides a versatile route to polyvinylferro-
cene and its derivatives by allowing control over molecular weight, copolymer formation and end 
group choice.A-(124,125)  
 
Scheme A - 4. Surface immobilizing (grafting onto) of polyvinylferrocene terminated with Tet-
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2. 3. 3. π-Conjugated main-chains polyvinylferrocene 
The challenge to synthesize a well-defined polymers, which contain transition metals in the 
main-chains, have been exceeded. In 1992, Manners discovered a novel polymerization route of 
strained ring-tilted ferrocenophanes with silicon bridges via thermal ring opening polymerization 
(Scheme A - 5).A-19 Hence, a new topic in the field of ferrocene-containing polymers was opened 
over the last decades.A-(60,61) A variety of main-chain ferrocenyl-containing polymers with various 
bridging moieties such as silicon,A-(19,61,92) boronA-126 and sulfurA-61 in the backbone have been de-
veloped. Those polymers exhibit stability against oxygen and elevated temperatures.A-62 However, 
they often lack a necessary conjugation system which allowing the electrons to delocalize through 
the polymer backbone.A-39 
  
Scheme A - 5. Thermal ring opening polymerization. (Redrawn from reference A-19). 
An alternative strategy involves organometallic analogues of polyphenylenevinylene (PPV) 
utilized by Buretea and Tilley to synthesis poly(ferrocenylenevinylene) (PFV) via ring opening 
metathesis polymerization (ROMP) of unsaturated ferrocenophanes (ansa-(vinylene) ferrocene) us-
ing Schrock’s metathesis catalyst (Scheme A - 6).A-125 The driving force for this polymerization is 
releasing the ring-strain in the monomer.A-(63,127) Meanwhile, acyclic diene metathesis (ADMET) 
polymerization is performed on α,ω-dienes via the metal-carbene mechanism (Scheme A - 7) to 
produce unsaturated polyethylene backbones, linear polymers such as poly(ferrocenylenevinylene) 
(PFV) from 1,1′-divinylferrocene and coplymers such as poly(ferrocenylenevinylene/ 1,9-decadi-
ene) from 1,1′-divinylferrocene and 1,9-decadiene.A-(128–131) A poly(1,2-divinylferrocene) (PVF) is 
another interested main-chain ferrocene with a conjugated backbone have been prepared in 1997 
via ADMET polymerization of 1,2-divinylferrocene.A-132 However, such polymer materials suffers 
from low molecular weight since the conjugation chains are stiff, which make these polymers to be 
insoluble and infusible and hence, polymers with flexible conjugated chains were designed, such 
as poly( ferrocenylene vinylene phenylene vinylene).A-51  




Scheme A - 6. Ring-opening metathesis polymerization of ansa-(vinylene)ferrocene using 
Schrock’s metathesis catalyst. (Redrawn from reference A-125). 
 
Scheme A - 7. ADMET polymerization mechanism. (Redrawn from reference A-131). 
In general, these approaches become very attractive for generating conjugated polymers, since 
the unsaturation in the monomer is easily retained in the products, as well as the tolerance of the 
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catalyst towards several functional groups offers a possibility for the polymer diversity.A-133 How-
ever, it was reported that polymer chains with unsaturated carbon bridges show more efficient 
metal-metal interactions than the saturated ones.A-134 The inclusion of transition metals in the main 
chain could increase the range of properties available from the electrons delocalization of the pol-
ymers.A-125 Furthermore, doped polymers of ferrocene possess semiconductor characteristics.A-92 
On the other hand, such polymer types are particular attractive, due to their potential (elec-
tronic) interaction between the metal centers along the chains. In such polymer types, the “elec-
tronic interaction” can manifest itself through bond effects, space effects, or a combination of 
them.A-133 
Recently, a series of heteroatoms such as sulfur, oxygen, phosphorus and selenium were sepa-
rated from two ferrocene unites by intervening conjugation bridge have been reported. Such bridges 
lead to minimize any steric effects in order to examine such electrically equivalent moieties for 
charge transport in unsaturated chains. This study conclude that sulfur atoms are valid for charge 
transfer through unsaturated systems while the oxygen atoms has superior transmission character-
istics.A-85 However, heteroatom-unsaturated bridging analogues in polymeric materials are not re-
ported yet.  
2. 4. Ferrocenyl-containing polymers as charge storage materi-
als (applications)  
In the last decades, the energy demand as well as the environmental awareness increases enor-
mously and thus the development of efficient batteries with high capacity of energy and less envi-
ronmental effects becomes a major task. Hence, ferrocenyl-containing polymers suggest a solution 
for such dilemma.A-12 In 2008, Tamura and coworkers report the first example of ferrocenyl-con-
taining polymers as promising organometallic materials for rechargeable battery applications.A-13 
In this work, they presented different ferrocenyl-based polymers, poly(vinylferrocene) with satu-
rated carbon bridges, poly(ethynylferrocene) with unsaturated carbon bridges and poly(ferrocene) 
without bridges (Chart A - 1), these materials were examined through charge/discharge tests, and 
proved to be applicable as cathode materials for a rechargeable battery.A-13 




Chart A - 1. Polymers studied by Tamura for battery application, (a) poly(vinylferrocene), (b) 
poly(ethynylferrocene), (c) poly(ferrocene). (Redrawn from reference A-13). 
Charge/discharge tests for poly(vinylferrocene) (Figure A – 3(a)) shows a reversible behavior, 
clear voltage plateaus (~ 3.5 V vs Li/Li+) and high discharge capacity (105 A·h·kg-1), comparing to 
the reported organic-based charge storage materials.A-(2,3,135–139) Also the discharge capacity was 
found close to the theoretical charge capacity (126 A·h·kg-1). Furthermore, poly(vinylferrocene)/Li 
were examined over several tens of charge/discharge cycles, showing excellent cycle performance 
since, the charge capacity only decrease by 5 % after 300 cycles. As example, at 100 cycles the 
98.3 A·h·kg-1 as original charge capacity slightly decreased to 95.2 A·h·kg-1. Such a very close 
difference means that the ratio of discharge/charge capacity is approximately equal to unity. Hence, 
the poly(vinylferrocene) reaction reveals Columbic efficiency of nearly 100 %, which is sufficiently 
large in comparison to other battery active materials.A-13 
In spite of the high discharge capacity (105 A·h·kg-1) close to the theoretical capacity (127.6 
A·h·kg-1), poly(ethynylferrocene) (Figure A – 3(b)) shows a less reversible behavior and uneven 
plateaus. Poly(ferrocene) (Figure A – 3(c)) shows the same features, while the discharge capacity 
(95 A·h·kg-1) is found to deviate from the theoretical capacity (145.6 A·h·kg-1). This uneven (not-
flat) plateaus could refer to more or less conjugation between the ferrocenyl moieties, which might 
generate many oxidation state with different energies.A-13 
It is noticeable that the polymers used by Tamura suffer from low molecular weights (3500 – 
5000), which may cause capacity fading. However, other ferrocenyl-based polymers with silicon 
possess high molecular weights, but they always have a functional groups, leading to reduce the 
content ferrocene active and capacity competitivity.A-13 In 2014 poly(ferrocenyl-methylsilane) and 
its derivatives were synthesized in high molecular weight and tested as charge storage materials. 
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The charge capacity was found to be ~12% less after 200 charge/discharge cycles, which means 
less Coulombic efficiency in comparison with poly(vinylferrocene) described above.A-(12,13)  
 
Figure A - 3. Charge–discharge curves of (a) poly(vinylferrocene), (b) poly(ethynylferrocene) 
and (c) poly(ferrocene) in a voltage range of 1.2–4.0 V (vs Li/Li+). (Copied From reference A-13) 
2. 5. Motivation 
Nowadays, the most challenges for the scientist in our modern daily- and future-life is to pro-
vide suitable power and (micro)electronic parts that satisfy with the energy demand and the effi-
ciency requirements for our growing portable electronic devices. Furthermore, the increases in the 
global environmental awareness reveals the imperative needed for new alternative materials with 
high electronic efficiency and high energy capacity. For example, Li-ion batteries with transition 
metal electrodes such as V2O5, LiCoO2 and LiMnO2, which are used widely in the present, suffers 
from a serious limitation such as the cost and limited mineral sources for such inorganic oxides, 
recycling, toxicity and safety, preventing their uses in a large scale application in the future portable 
electronic devices. Batteries with organic cathode materials also have poor performance in capacity 
and stability. 
The charge density, electronic efficiency, cyclability and the charge/discharge ability are not 
only the whole requirements for the future electrode materials, safety, non-toxicity, recyclable and 
resource availability is needed, too. Recently, many efforts to find new electroactive materials for 
charge storage purposes (batteries) and electronic parts (semiconductors as transistors, diodes etc.) 
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have been performed by researchers. Among those electroactive materials, ferrocenes as well as 
ferrocenyl-based polymers represents undeniably one of the most promising materials. 
 Despite the straightforward introduction of functionalities onto ferrocene, only few highly 
functionalized ferrocene derivatives were published.A-(25,140,141) Furthermore, the functional diver-
sity opens a new research area in the field of polymer sciences and electroactive applications. Re-
cently, polyvinylferrocene proved to be a promising material for charge storage materials rather 
than others such as poly(ethynylferrocene), poly(ferrocene) and poly(ferrocenyl-methylsilane).A-
(12,13) However, to this end, unfortunately polyvinylferrocene still affected by capacity fading due 
to the low molecular weight (3500 – 5000 g·mol-1). 
These reported facts motivated me for the research work introduced in the present doctoral 
thesis. The task started by developing a designed methodology to synthesize a well-defined new 
multi-functionalized ferrocene, such as formyl-and vinylferrocenes (Chapter 2) to serve as new 
monomers, providing potential access to new processable functional polymeric materials. New ar-
chitectural polymers containing ferrocenyl units separated by heteroatom-unsaturated bridges in the 
main chains were synthesized (Chapter 3). Since charge storage materials with high energy density 
and power density have always been one of the major challenges for material scientists, vinylferro-
cene units located in the side chains (Chapter 4) have been performed to explore alternate materials 
or alternate battery systems with new structures, new architectures and even new reaction mecha-
nisms. 
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Multi-functionalized ferrocenes: Synthesis and characterization 
This Chapter consists of an article which has been published as “Multi-functionalized ferro-
cenes: Synthesis and characterization“ by Alexander Hildebrandt, Khaled Al Khalyfeh, Dieter 
Schaarschmidt and Marcus Korb in the Journal of Organometallic Chemistry 2016, 804, 87–94 and 
was reproduced with permission from Elsevier 2016. 
 
The following article was prepared by K. Al Khalyfeh under the supervision of Dr. A. Hilde-
brandt. All reactions for synthesis of the multi-functionalized ferrocenes, products purification, IR, 
UV/Vis and NMR spectroscopy as well as the electrochemical measurements were carried out by. 
K. Al Khalyfeh. The single-crystal X-ray measurements were performed by Dr. D. Schaarschmidt 
and M. Korb. The discussion of the molecular structures in this manuscript was drafted by Dr. D. 
Schaarschmidt, Dr. A. Hildebrandt and K. Al Khalyfeh. The HR-MS spectra were recorded by B. 
Kempe and Dr. R. Buschbeck. All elemental analyses were carried out by K. Müller and J. Fritzsch. 
For the numbering of the chemical compounds, Figures and references the chapter number is added 
as a prefix to the numbering in the original article. 
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1. Abstract 
Ferrocenes with up to four formyl functionalities have been synthesized by selective one- or 
two-fold ortho-lithiation of 1,1′-di(1,3-dioxan-2-yl)ferrocene followed by the reaction with dime-
thylformamide. Subsequent deprotection afforded tri- and tetraformyl-ferrocene in good yields. 
Wittig reactions convert the aldehydes to tri- and tetravinyl-ferrocene. The structures of three 
formyl-ferrocenes in the solid-state have been determined by single crystal X-ray diffraction. In 
two of the structures the ferrocene moieties form 1D chains by parallel displaced π-interactions 
with Cp∙∙∙Cp distances as short as 3.21 Å. Electrochemical measurements (CV) demonstrated an 
irreversible behavior of the electron-poor multi-formyl ferrocenes. Reducing the measurement tem-
perature down to –40 °C and the usage of [NnBu4][B(C6F5)4] prevents side reactions and hence 
reversible redox-processes could be obtained. It was found that the number of formyl functionalities 
correlates with the ferrocenyl’s redox potential in a strictly linear fashion. 
Keywords: Electrochemistry; Formyl-ferrocene; Vinyl-ferrocene; Wittig Reaction; X-ray 
structure. 




Ferrocene has attracted the attention of scientists since its discovery in the early 1950s.B-1 A 
large number of ferrocene derivatives have been used in numerous applications ranging from cancer 
treatment,B-2 electrochemistry,B-3 biosensors,B-4 catalysis,B-5 fertilizers,B-(6,7) fuel additives,B-(8–10) 
magnetic materials,B-11 dendrimers,B-12 and many more.B-(13–15) Especially in the field of electro-
active materials such as semiconductors,B-(16,17) conducting polymersB-(3b,18,19) and charge storage 
materialsB-3c ferrocene has been in the focus of research recently. One of the major advantages of 
ferrocenes for these applications is the possibility to introduce functional groups straightforwardly. 
Formyl-ferrocene and 1,1′-diformyl-ferrocene have proven to be valuable starting materials for the 
introduction of various functional groups at the ferrocene backbone.B-(20–22) For example, WittigB-
(23,24) and Horner-Wadsworth-EmmonsB-(25,26) reactions allow their conversion into vinyl groups. 
Those vinyl-ferrocenes in turn have been used as conductingB-27 and semiconducting materialsB-16 
and as starting materials for the generation of ferrocenyl based polymers.B-(3,27–29) Beside the appli-
cations of formyl-ferrocenes for the construction of diverse sophisticated ferrocenyl containing 
compounds their electronic properties are also highly interesting. Compared to ferrocene, formyl-
ferrocenes exhibit a higher redox potential and the respective ferrocenium species can be used as 
mild and stable oxidants for chemical reactions in organic solvents.B-30 In this respect, only ferro-
cenium compounds with redox potentials up to 300 mV vs ferrocene are commonly used by now.B-
(30,31) Herein, we present the synthesis of formyl-ferrocenes bearing up to four formyl groups and 
demonstrate that those can be converted by four-fold Wittig reaction into the respective tetravinyl-
ferrocenes opening pathways for further functionalization. Furthermore, the electrochemical behav-
ior of multi-formyl ferrocenes is reported. 
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3. Materials and Methods 
3. 1. General Data 
All lithiation reactions were carried out under an argon (5.0) atmosphere using standard 
Schlenk techniques. N,N-dimethylformamide and tetrahydrofuran were purified by distillation from 
calcium hydride and sodium/benzophenone, respectively; diethyl ether was obtained from a 
MBRAUN (MB-SPS 800) solvent purification system (double column solvent filtration, working 
pressure 0.5 bar). For electrochemistry HPLC grade dichloromethane was purified by distillation 
from calcium hydride. For column chromatography alumina with particle size of 90 µm (Standard, 
Merck KGaA) and silica with a particle size of 40–60 µm (230–400 mesh (ASTM), Fa. Macherey-
Nagel) were used.  
3. 2. Instruments 
A Bruker Avance III 500 spectrometer operating in the Fourier transform mode at 298 K was 
used to record the NMR spectra (1H NMR (500.3 MHz) and 13C{1H} NMR (125.8 MHz)), whereas 
the undeuterated residues (chloroform; 1H at 7.26 ppm) in deuterated solvent (chloroform-d1; 
13C{1H} at 77.00 ppm) served as internal standard (chemical shifts in δ, parts per million). A FT-
Nicolet IR 200 spectrometer was used to record the infrared spectra. Analytical pure samples were 
used to determine the melting points with a Gallenkamp MFB 595 010 M melting point apparatus; 
elemental analyses were performed using a Thermo FlashEA 1112 Series instrument; UV/Vis spec-
tra were recorded between 200 and 800 nm using a Carl Zeiss MCS 400 spectrometer utilizing CLD 
300 (210–600 nm) and CLX 11 lamps (300–1010 nm); a micrOTOF QII Bruker Daltonite spec-
trometer was used to record high-resolution mass spectra. 
3. 3. Electrochemistry 
Electrochemical measurements were performed using 1.0 mmol L-1 solutions of the analytes 
and [NnBu4][B(C6F5)4] as supporting electrolyte in anhydrous dichloromethane at –40 °C. The in-
strumentation consists of a Radiometer Volta-lab PGZ 100 electrochemical workstation interfaced 
with a personal computer. The measurement cell contains three electrodes, a Pt auxiliary electrode, 
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a glassy carbon working electrode, and an Ag/Ag+ (0.01 mol L−1 AgNO3) reference electrode. The 
working electrode was pretreated by polishing on a Buehler microcloth subsequently with 1 μm and 
1/4 μm diamond paste. The reference electrode consists of a silver wire which was inserted into a 
Luggin capillary with a Vycor tip filled with a solution of 0.01 mol L−1 [AgNO3] and 0.1 mol L
−1 
[NnBu4][B(C6F5)4] in acetonitrile, whereas this Luggin capillary was inserted into a second Luggin 
capillary with a Vycor tip filled with a solution of 0.1 mol L−1 [NnBu4][B(C6F5)4] in dichloro-
methane.B-(32–39) Under these conditions all experiments showed that all oxidation and reduction 
processes were reproducible in the range of ±5 mV. All experimental potentials were internally 
referenced against an Ag/Ag+ reference electrode whereas all presented results are referenced 
against ferrocene (as internal standard) as recommended by IUPAC.B-40 The experimentally meas-
ured potential was converted into E vs. FcH/FcH+ by addition of –614 mV, when decamethylferro-
cene served as an internal standard (according our conditions the Fc*/Fc*+ couple was at −614 mV 
vs FcH/FcH+, ΔEp = 60 mV, while the FcH/FcH+ couple itself was at 220 mV vs Ag/Ag+, ΔEp = 61 
mV).B-(41–43) A Microsoft Excel worksheet was then used to process the data in order to set the 
formal redox potentials of the FcH/FcH+ couple to E°′ = 0.0 V. The cyclic voltammograms were 
taken after two scans and are considered to be steady state cyclic voltammo-grams in which the 
signal pattern differs not from the initial sweep. 
3. 4. Single Crystal X-ray Diffraction Analysis 
A diffusion of diethyl ether into a dichloromethane solution containing B(4 – 6) at ambient 
temperature offered suitable single crystals of B(4 – 6) for X-ray diffraction analysis. An Oxford 
Gemini S diffractometer with graphite-monochromatized Mo Kα radiation (λ = 0.71073 Å) was 
used to obtain the data. The molecular structures for single crystals solved via direct methods and 
refined using full-matrix least-squares procedures on F2.B-44 All non-hydrogen atoms were refined 
anisotropically, and a riding model was employed in the treatment of the hydrogen atom positions. 
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Table B - 1. Crystal and structure refinement data for B(4 – 6) 
 B4 B5 B6 
Chemical formula C20H22FeO6 C17H16FeO5 C14H10FeO4 
Formula weight / g·mol-1 414.22 356.15 298.07 
Temperature / K 110 110 110 
Wavelength / Å 0.71073 0.71073 0.71073 
Crystal system / space group monoclinic, P21/n monoclinic, P21/n monoclinic, P21 
a / Å 10.1078(6) 6.7112(4) 6.7789(4) 
b / Å 13.2202(7) 29.6448(15) 7.4371(3) 
c / Å 13.6907(8) 7.5511(5) 11.4000(6) 
α, β, γ / ° –, 104.237(6), – –, 106.157(7), – –, 102.501(5), – 
V / Å3 1773.26(18) 1442.97(16) 561.11(5) 
ρcalcd / g·cm-3  1.552 1.639 1.764 
F(000) 864 736 304 
Crystal size / mm 0.35 × 0.25 × 0.15 0.3 × 0.2 × 0.2 0.10 × 0.05 × 0.03 
Z 4 4 2 
Max. and min. transmission 1.000, 0.996 1.000, 0.744 1.000, 0.975 
µ / mm-1 0.886 1.069 1.350 











Total / unique reflections 8538 / 3849 11362 / 2828 4394 / 2370 
Data / restraints / parameters 3849 / 0 / 244 2828 / 0 / 208 2370 / 1 / 172 
Rint 0.0341 0.0357 0.0381 
R1, wR2 [I ≥ σ(I)] 0.0381, 0.0752 0.0369, 0.0834 0.0445, 0.0911 
R1, wR2 (all data) 0.0519, 0.0817 0.0432, 0.0855 0.0600, 0.0974 
Goodness-of-fit S on F2 1.039 1.064 1.060 
Largest diff. peak and hole / e·Å-3 0.393, –0.383 0.810, –0.322 0.709, –0.586 
Absolute structure parameter B-(45) – – 0.01(2) 
3. 5. Reagents 
All starting materials were obtained from commercial suppliers and used without further puri-
fication. 1,1′-di(1,3-dioxan-2-yl)ferrocene (B1) was synthesized according to published proce-
dures.B-(44) 
3. 6. Synthesis 
3. 6. 1. Synthesis of 1,1′-di(1,3-dioxan-2-yl)-2-formylferrocene (B2). 
1,1′-Di(1,3-dioxan-2-yl)ferrocene (B1) (1.00 g, 2.8 mmol) was dissolved in 100 mL of anhy-
drous diethyl ether and tBuLi (1.1 eq., 1.9 M in pentane, 1.62 mL, 3.08 mmol) was added dropwise. 
After stirring the mixture at –78 °C for 15 min the cooling bath was removed and stirring was 
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continued for two hours while the reaction mixture was allowed to warm up to 25 °C. The reaction 
was cooled to –78 °C again and 1.1 eq. of dimethylformamide (0.24 mL, 3.08 mmol) were added. 
The mixture was stirred at –78 °C for 15 min followed by 2 hours of stirring at 25 °C. The crude 
reaction product was treated with water (25 mL) and CH2Cl2 (30 mL). The phases were separated 
and the aqueous phase was extracted with CH2Cl2 (35 mL) twice. The combined organic phases 
were dried (MgSO4) and all volatiles were removed in oil pump vacuum. Column chromatography 
(150 × 40 mm silica, eluent: hexane/CH2Cl2 7/4 (v/v)) of the crude product yielded B2 in the second 
fraction as dark brown oil. Yield (0.86 g, 80 %); elemental analysis calcd for C19H22FeO5 (386.22 
g/mol): C, 59.09; H, 5.74. Found: C, 58.94; H, 5.93; 1H-NMR (CDCl3, δ / ppm): 10.11 (s, 1H, CHO), 
5.73 (s, 1H, C4H7O2), 5.22 (s, 1H, C4H7O2), 4.77 (d, J = 2.6 Hz, 2H, C5H3), 4.55 (pt, J = 2.6 Hz, 
1H, C5H3), 4.43–4.38 (m, 2H, C5H3), 4.26–4.13 (m, 6H, C5H3 (2H), C4H7O2 (4H)), 3.97 (m, 2H, 
C4H7O2), 3.93–3.85 (m, 2H, C4H7O2), 2.14 (m, 2H, C4H7O2), 1.39 (m, 2H, C4H7O2); 13C-NMR 
(CDCl3, δ / ppm): 194.8 (CHO), 99.3 (tC-C4H7O2), 99.2 (tC-C4H7O2), 88.6 (iC-C5H3), 88.4 (iC-
C5H3), 77.5 (
iC-C5H4), 73.0 (C5H3), 72.8 (C5H3), 71.4 (C5H3), 70.7 (C5H4), 70.5 (C5H4), 69.2 
(C5H4), 68.8 (C5H4), 67.5 (C4H7O2), 67.3 (C4H7O2), 67.3 (C4H7O2), 29.8 (C4H7O2), 25.9 (C4H7O2), 
25.8 (C4H7O2); IR (NaCl, cm
–1): 3103 (w), 2963 (m), 2925 (m), 2853 (m), 1672 (s), 1107 (s), 1002 
(m); UV–vis: (λmax (ε / L·mol-1·cm-1)) (CH2Cl2): 232 (13283), 270 (5876), 338 (1121), 452 (475); 
HRMS (ESI-TOF, m/z): calcd 386.0811, found: 386.0793 [M]+. 
3. 6. 2. Synthesis of 1,1′,2-triformylferrocene (B3). 
To B2 (1.00 g, 2.6 mmol) in 20 mL of tetrahydrofuran, 1 mL of water trifluoromethanesulfonic 
acid (4 eq, 1.55 g, 10.4 mmol) was added. The mixture was stirred with the exclusion of light for 
24 hours. All volatiles were removed in oil pump vacuum. After addition of deactivated silica gel 
(hexane/CH2Cl2/NEt3 ratio 1/1/0.1 (v/v)) a column chromatography (150 × 40 mm silica, eluent: 
hexane/CH2Cl2/NEt3 1/1/0.1 (v/v)) of the crude product yields B3 (0.54 g, 77 %, red crystals) as 
second fraction. Analytical data is in accordance to literature.B-21 
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3. 6. 3. Synthesis of 1,1′-di(1,3-dioxan-2-yl)-2,2′-diformylferrocene 
(B4). 
1,1′-Di(1,3-dioxan-2-yl)ferrocene (B1) (2.50 g, 7 mmol) was dissolved in 150 mL of anhydrous 
diethyl ether and tBuLi (2.2 eq, 1.9 M in pentane, 8.1 mL, 15.4 mmol) was added dropwise. After 
stirring the mixture at –78 °C for 15 min the cooling bath was removed and stirring was continued 
for two hours, while the reaction mixture was allowed to warm up to 25 °C. The reaction was cooled 
to –78 °C again and 1.1 eq. of dimethylformamide (2.2 eq, 1.2mL, 15.4 mmol) were added. The 
mixture was stirred at –78 °C for 15 min followed by two hours of stirring at 25 °C. The crude 
reaction product was treated with water (40 mL) and CH2Cl2 (35 mL). The phases were separated 
and the aqueous phase was extracted with CH2Cl2 (35 mL) twice. The combined organic phases 
were dried (MgSO4) and the all volatiles were removed in oil pump vacuum. Column chromatog-
raphy (250 × 40 mm silica, eluent: ethyl acetate/hexane 6/4 (v/v)) of the crude product yields B4 in 
the 3rd fraction as orange solid. Yield (2.39 g, 83 %); elemental analysis calcd for C20H22FeO6 
(414.23 g/mol): C, 57.99; H, 5.35. Found: C, 58.09; H, 5.29; Mp: 169.3 °C; 1H-NMR (CDCl3, δ / 
ppm): 10.10 (s, 2H, CHO), 5.60 (s, 2H, C4H7O2), 4.85 (m, 4H, C5H3), 4.55 (pt, J = 2.4 Hz, 2H, 
C5H3), 4.25 – 4.13 (m, 4H, C4H7O2), 3.95 (m, 4H, C4H7O2), 2.14 (m, 2H, C4H7O2), 1.41 (m, 2H, 
C4H7O2); 
13C-NMR (CDCl3, δ / ppm): 194.2 (CHO), 98.2 (C-C4H7O2), 89.7 (iC-C5H3) , 78.6 (iC-
C5H3), 73.8 (C5H3), 73.3 (C5H3), 72.0 (C5H3), 67.5 (C4H7O2), 67.4 (C4H7O2), 25.7 (C4H7O2); IR 
(KBr, cm-1): 3097 (w), 2983 (w), 2964 (w), 2934(w), 2859 (m), 2811 (w), 2755 (w), 1685 (s), 1677 
(s), 1095 (s), 998 (m); UV–vis: (λmax (ε / L·mol-1·cm-1)) (CH2Cl2): 233 (1348), 264 (12664), 327 
(1571), 465 (554); HRMS (ESI-TOF, m/z): calcd 415.0839, found: 415.0832 [M]+. 
3. 6. 4. Synthesis of 1-(1,3-dioxan-2-yl)-1′,2,2′-triformylferrocene (B5) 
and 1,1′,2,2′-tetraformylferrocene (B6). 
To a solution of B4 (1.20 g, 2.9 mmol) in 20 mL of tetrahydrofuran, 1 mL of water trifluoro-
methanesulfonic acid (4 eq, 1.74 g, 11.6 mmol) was added. The mixture was stirred with the exclu-
sion of light for 24 hours. All volatiles were removed in oil pump vacuum. After addition of deac-
tivated silica gel (hexane/CH2Cl2/NEt3, ratio 1/1/0.1 (v/v)) a column chromatography (250 × 40 
mm silica, eluent: hexane/CH2Cl2/NEt3, ratio 1/1/0.1 (v/v)) of the crude products yields B5 (0.30 
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g, 29 %, red crystals) as 2nd fraction and B6 (0.41 g, 47 %, dark red crystals) as 3rd fraction. 1-(1,3-
Dioxan-2-yl)-1′,2,2′-triformylferrocene (B5): elemental analysis calcd for C17H16FeO5 (356.15 
g/mol): C, 57.33; H, 4.53. Found: C, 57.51; H, 4.64; Mp: 139.6 °C; 1H-NMR (CDCl3, δ / ppm): 
10.30 (s, 1H, CHO), 10.26 (s, 1H, CHO), 10.17 (s, 1H, CHO), 5.46 (s, 1H, C4H7O2), 5.25–5.19 (m, 
2H, C5H3), 4.98–4.90 (m, 2H, C5H3), 4.87 (m, 1H, C5H3), 4.62 (m, 1H, C5H3), 4.21 (m, 2H, 
C4H7O2), 4.01–3.88 (m, 2H, C4H7O2), 2.18 (m, 1H, C4H7O2), 1.44 (m, 1H, C4H7O2); 13C-NMR 
(CDCl3, δ / ppm): 193.5 (CHO), 193.3 (CHO), 193.1 (CHO), 97.3 (tC-C4H7O2), 91.3 (iC-C5H3), 
81.5 (iC-C5H3), 81.0 (
iC-C5H3), 79.0 (
iC-C5H3), 77.2 (C5H3), 76.9 (C5H3), 76.2 (C5H3), 74.9 (C5H3), 
73.6 (C5H3), 71.8 (C5H3), 67.4 (C4H7O2), 67.3 (C4H7O2), 25.5 (C4H7O2); IR (KBr, cm
-1): 3117 (w), 
2959 (m), 2926 (m), 2854 (m), 1686 (s), 1678 (s), 1105 (m), 996 (m); UV–vis: (λmax (ε / L·mol-
1·cm-1)) (CH2Cl2): 235 (18080), 259 (20221), 347 (1581), 378 (1591), 465 (919); HRMS (ESI-TOF, 
m/z): calcd 379.0239, found: 379.0248 [M]+. 
1,1′,2,2′-Tetraformylferrocene (B6): elemental analysis calcd for C14H10FeO4 (298.07 g/mol): 
C, 56.41; H, 3.38. Found: C, 56.43; H, 3.34; Mp: 123.5 °C; 1H-NMR (CDCl3, δ / ppm): 10.32 (s, 
4H, CHO), 5.30 (d, J = 2.7 Hz, 4H, C5H3), 5.00 (t, J = 2.7 Hz, 2H, C5H3); 
13C-NMR (CDCl3, δ / 
ppm): 192.4 (CHO), 192.4 (CHO), 81.6 (iC-C5H3), 77.5 (C5H3), 77.3 (C5H3); IR (KBr, cm
-1): 3110 
(m), 2925 (m), 2852 (m), 1682 (s), 1650 (s), 1442 (m); UV–vis: (λmax (ε / L·mol-1·cm-1)) (CH2Cl2): 
231 (14790), 251 (19454), 466 (878); HRMS (ESI-TOF, m/z): calcd 299.0001, found: 299.0016 
[M]+.  
3. 6. 5. Synthesis of 1,1′,2-trivinylferrocene (B7). 
Methyltriphenylphosphonium bromide (4.59 g, 12.6 mmol, 3.4 equiv.) suspended in anhydrous 
tetrahydrofuran (50 mL) was treated with n-BuLi (2.5 M in hexanes, 4.9 mL, 12.2 mmol, 3.3 equiv.) 
dropwise during a period of 10 minutes at 0 °C. After stirring the reaction solution for 30 min at 
this temperature a solution of B3 (1.00 g, 3.7 mmol, 1.0 equiv.) in anhydrous tetrahydrofuran (25 
mL) was added within 5 min. The reaction mixture was allowed to warm up to 25 °C and stirring 
was continued for 24 hours. After addition of brine the organic phase was separated, washed three 
times with brine, dried over MgSO4 and concentrated under reduced pressure. Column chromatog-
raphy (300 × 40 mm alumina, eluent: pentane) of the crude product yielded the title compound 
(0.70 g, 2.65 mmol, 72 %) as dark brown oil; 1H NMR (CDCl3, δ / ppm): 6.48 (dd, J = 17.4, 10.8 
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Hz, 2H, C2H3), 6.22 (dd, J = 17.5, 10.7 Hz, 1H, C2H3), 5.28 (dd, J = 17.4, 1.6 Hz, 2H, C2H3), 5.18 
(dd, J = 17.5, 1.5 Hz, 1H, C2H3), 5.08 (dd, J = 10.8, 1.6 Hz, 2H, C2H3), 5.03 (dd, J = 10.7, 1.5 Hz, 
1H, C2H3), 4.35 (d, J = 2.6 Hz, 2H, C5H3), 4.16 (t, J = 2.6 Hz, 1H, C5H3), 4.09 (pt, J = 1.9, 2H, 
C5H4), 4.03 (pt, J = 1.9, 2H, C5H4). 
13C NMR (CDCl3, δ / ppm): 133.6 (C2H3), 132.4 (C2H3), 112.6 
(C2H3), 111.5 (C2H3), 84.8 (C
i-C5H3), 83.0 (
iC-C5H3), 71.3 (C5H3), 69.7 (C5H3), 68.9 (C5H4), 67.4 
(C5H4). IR. (NaCl, cm
-1): 3094 (m), 3012 (w), 2984 (w), 2933 (w), 1631 (s), 899 (s); UV–vis: (λmax 
(ε / L·mol-1·cm-1)) (tetrahydrofuran): 453 (481); HRMS (ESI-TOF, m/z): calcd 264.0596, found: 
264.0663 [M]+. 
3. 6. 6. Synthesis of 1,1′,2,2′-tetravinylferrocene (B8). 
Methyltriphenylphosphonium bromide (5.50 g, 15.1 mmol, 4.5 equiv.) suspended in anhydrous 
tetrahydrofuran (50 mL) was treated with n-BuLi (2.5 M in hexanes, 5.9 mL, 14.8 mmol, 4.4 equiv.) 
dropwise during a period of 10 min at 0 °C. After stirring the reaction solution for 30 min at this 
temperature a solution of B6 (1.00 g, 3.35 mmol, 1.0 equiv.) in anhydrous tetrahydrofuran (25 mL) 
was added within 5 min. The reaction mixture was allowed to warm up to 25 °C and stirring was 
continued for 24 hours. After addition of brine the organic phase was separated, washed three times 
with brine, dried over MgSO4 and concentrated under reduced pressure. Column chromatography 
(300 × 40 mm alumina, eluent: pentane) of the crude product yielded the title compound (0.69 g, 
2.38 mmol, 71 %) as dark brown oil; elemental analysis calcd for C18H18Fe (290.18 g/mol): C, 
74.50; H, 6.25. Found: C, 74.49; H, 6.37; 1H NMR (CDCl3, δ / ppm): 6.46 (dd, J = 17.4, 10.8 Hz, 
4H, C2H3), 5.31 (dd, J = 17.4, 1.3 Hz, 4H, C2H3), 5.18 (dd, J = 10.8, 1.2 Hz, 4H, C2H3), 4.34 (d, J 
= 2.5 Hz, 4H, C5H3), 4.18 (t, J = 2.5 Hz, 2H, C5H3). 
13C NMR (CDCl3, δ / ppm): 131.9 (C2H3), 112.8 
(C2H3), 83.4 (C
i-C5H3), 71.0 (C5H3), 68.4 (C5H3); IR (NaCl, cm
-1): 3084 (m), 3007 (w), 2980 (w), 
2923 (w), 1621 (s), 894 (s); UV–vis: (λmax (ε / L·mol-1·cm-1)) (tetrahydrofuran): 455 (444); HRMS 
(ESI-TOF, m/z): calcd 290.0753, found: 290.0750 [M]+. 
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4. Results and Discussion 
4. 1. Synthesis 
1,1′-Di(1,3-dioxan-2-yl)ferrocene (B1), which is accessible by the reaction of 1,1′-diformylfer-
rocene with 1,3-propanediole in the presence of p-toluenesulfonic acid,B-46 was lithiated in an ortho 
directed procedure with 1.1 or 2.2 equivalents of tBuli in diethyl ether at –78 °C. Subsequent reac-
tion with dimethylformamide gave aldehydes B2 and B4 in good yields (Experimental Section, 
Scheme B - 1). Deprotection of the acetal groups in B2 and B4 resulted in the formation of tri- and 
tetraformyl ferrocenes B3 and B6, respectively, while a partial deprotection of B4 gave 1-(1,3-
dioxan-2-yl)-1′,2,2′-trifomyl ferrocene B5 (Scheme B - 1). Wittig reactionB-(23,47) of B3 and B6 with 
methyltriphenylphosphonium bromide gave tri- and tetra-vinyl ferrocenes B7 and B8, respectively 
in moderate yields (Scheme B - 2). 
 
Scheme B - 1. Formylation reaction of diacetal B1 forming aldehydes B(2 – 6); (i) 1st: tBuLi 
(1.1 equiv. for B2; 2.2 equiv. for B4), diethyl ether, –78 °C, 15 min; 2nd: 25 °C, 2 h; 3rd: dimethyl 
formamide (1.1 equiv. for B2; 2.2 equiv. for B4), –78 °C, 15 min; 4th: 25 °C, 2 h. (ii) trifluoro-
methanesulfonic acid, tetrahydrofuran, water, 25 °C, 24 h. 




Scheme B - 2. Wittig reaction of aldehydes B4 and B6 forming vinyl ferrocenes B7 and B8. (i) 
1st: methyltriphenylphosphonium bromide (3.4 equiv. for B7; 4.5 equiv. for B8), tetrahydrofuran, 
0 °C; 2nd: nBuLi (3.3 equiv. for B7; 4.4 equiv. for B8), 30 min; 3rd: 25 °C, 24 h. 
4. 2. Characterization 
Compounds B(3 – 6) are orange to red solid materials, while B2 and vinyl ferrocenes B7 and 
B8 are yellow-brownish oils at ambient temperature. All compounds have been characterized by 
high resolution ESI mass spectrometry, IR, UV/Vis and NMR spectroscopy (1H, 13C{1H} ), ele-
mental analysis and cyclic voltammetry. The molecular structure of compounds B(4 – 6) in the 
solid state has been determined by single crystal X-ray diffraction. 
The one- or two-fold formylation of 1,1′-di(1,3-dioxan-2-yl)ferrocene (B1) could be demon-
strated by IR spectroscopy as intense C=O stretching vibrations are evolving at 1672 cm–1 (B2) or 
1677 cm–1 and 1685 cm–1 (B4); in addition aldehydic νCH vibrations (2853cm–1 (B2); 2812, 2756 
cm–1 (B4)) confirm the introduction of a CHO functionality. Deprotection of the acetal units in B2 
and B4 is characterized by the disappearance of signals attributed to the 1,3-dioxan-2-yl moiety 
such as the aliphatic C–H vibrations between 2850 and 3000 cm–1 and C–O stretching vibrations of 
the etheric units at 1108 (B2) and 1095 cm–1 (B4). An incomplete deprotection of compound B4 
lead to the formation of 1-(1,3-dioxan-2-yl)-1′,2,2′-trifomyl ferrocene (B5) which features similar 
IR characteristics as B4, having both aldehyde functionalities as well as acetal moieties (see Exper-
imental Part). The reaction progress of the Wittig reaction is characterized by the disappearance of 
the strong carbonyl bands and the evolution of vibrations for the vinyl unit at 3084, 1621 and 894 
cm-1 in B7 and B8. 
Within the 1H NMR spectra of compounds B(2 – 6) the individual substitution pattern of the 
ferrocenyl units is reflected by the signals observed within the spectral region between 4 and 5.5 
ppm. For compound B2 two different spin systems are observed. Arising from the planar chiral 
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nature of the C5H3-cyclopentadienyl ring the four magnetically inequivalent protons of the mono-
substituted C5H4 unit appear as two sets of two individual protons which are in a close proximity 
to each other at 4.40 and 4.20 ppm with a complex coupling pattern. For the three protons of the 
C5H3 moiety doublet signals for the two α-protons are detected at ca 4.77, while the β-proton ap-
pears as triplet (J = 2.6, 2.6 Hz) at 4.55 ppm. Deprotection of the two acetal groups present in B2 
simplifies the spectrum and hence for B3 [21] the protons of the C5H4 unit appear as a AA′XX′ 
signal pattern with two pseudo-triplets at 4.74 ppm and 4.98 ppm, while the protons of the C5H3 
ring are observed as a doublet at 5.24 ppm and a multiplet signal which is superimposed with one 
of the pseudo-triplets of the C5H4 ring at 4.98 ppm. In comparison to ferrocene B2 tetrasubstituted 
compound B4 showed a much simpler signal pattern for the ferrocenyl protons; the β-proton of the 
C5H3 rings again appears as pseudo-triplet at 4.55 ppm (J = 2.4 Hz) and the two different α-protons 
superimpose with each other giving one multipet signal at 4.85 ppm. Partial deprotection of B4 
breaks the symmetry and hence the two C5H3 rings either bear two aldehyde functionalities or one 
aldehyde and one acetyl moiety. For both C5H3 set-ups of B5 two sets of signals consisting of a 
doublet of doublets / triplet (4.62 ppm (C5H3-CHO/C4H7O2); 4.87 (C5H3-(CHO)2)) and a multiplet 
(4.95 ppm (C5H3-CHO/C4H7O2); 5.22 (C5H3-(CHO)2)) are characteristic. Due to its high symmetry 
the ferrocenyl signal pattern for tetraaldehyde B6 consists of only two signals; a doublet for the α-
protons at 5.30 ppm (3J = 2.7 Hz) and a triplet for the β-protons at 5.00 ppm (3J = 2.7 ppm). The 
conversion of B3 and B6 via Wittig reaction is characterized by the appearance of the vinyl protons 
of B  7  and B8. Each of the vinyl groups is characterized by three doublets of doublets whereas, due 
to the lower symmetry in compound B7, two sets of signals are present. The protons in α-position 
to the ferrocenyl units appear at lowest field (6.22 ppm, 6.48 ppm, J = 17.5, 10.7 Hz (B7); 6.45 
ppm, J = 17.4, 10.8 Hz (B8)), while the protons in E position to the ferrocene are found at 5.03 
ppm, 5.08 ppm (J = 10.7, 1.5 Hz, B7) and 5.18 ppm (J = 10.8, 1.2 Hz, B8); the protons in Z position 
to the ferrocenyl units are observed at 5.19 ppm, 5.28 ppm (J = 17.5, 1.5 Hz, B7) and 5.31 ppm (J 
= 17.4, 1.3 Hz, B8).  
Suitable single crystals for X-ray diffraction of B(4 – 6) could be obtained by diffusion of 
diethyl ether into a saturated dichloromethane solution containing the respective compound. All 
compounds crystallize in a monoclinic space group (B4, B5: P21/n; B6: P21). For all molecules the 
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ferrocenyl units adopt an eclipsed conformation with the substituents being synperiplanar for com-
pound B4 (dihedral angle –10.31(7) °) and B6 (6.4(2) °) and anticlinal for B5 (140.54(8) °). Weak 
intra- and intermolecular C–H∙∙∙O hydrogen bonds involving the aromatic hydrogen atoms of the 
ferrocenyl unit, the aldehydic and acetalic ones are observed in the solid-state structures of all three 
compounds.B-48 Table SI-1 contains the relevant geometrical details of the hydrogen bonds. Com-
parable interactions have been reported for 1,1′-diformylferroceneB-(49,50) and 1,1′-bis(1,3-dioxan-
2-yl)ferrocene.B-51 For ferrocenes B5 and B6 parallel displaced π∙∙∙π interactions between two cy-
clopentadienyl rings are observed in the solid-state forming 1D chains along the a-axis; graphical 
representations along with geometrical data can be found in the Supporting Information. The inter-
molecular separation between two cyclopentadienyl rings of ferrocene B5 is as short as 3.21 Å, 
which is even slightly shorter than the intramolecular Cp∙∙∙Cp distance (3.29 Å) of the substituted 
ferrocene. Analogous π∙∙∙π contacts are present in the structures of 1,1′-diformylferroceneB-(49,50) 
and 1′-acetylferrocene-1-carbaldehydeB-52 as well as 1,1′- and 1,2-dicyanoferrocene. Most likely 
due to these interactions ferrocenes B5 and B6 are packed more densely compared to compound 
B4, which is reflected in an increased calculated density (B4: 1.552, B5: 1.639, B6: 1.764 g∙cm–3). 




Figure B - 1. ORTEP diagram (50 % probability level) of the molecular structure of B4 with the 
atom numbering scheme. All hydrogen atoms have been omitted for clarity. Selected bond distances 
(Å), angles (°): C1–C6 1.461(3), C2–C7 1.496(3), C6–O1 1.215(3), C7–O2 1.416(3), C7–O3 
1.409(3), C11–C16 1.457(3), C16–O4 1.217(3), C17–O5 1.416(3), C17–O6 1.413(3), D1–Fe1 
1.6436(3), D2–Fe1 1.6443(3); C1–C6–O1 126.1(2), C2–C7–O2 107.29(17), C3–C2–C7 127.6(2), 
C5–C1–C6 124.7(2), D1–Fe1–D2 175.73(2). D1 denotes the centroid of C1–C5; D2 denotes the 
centroid of C11–C15. 
 
Figure B - 2. ORTEP diagram (50 % probability level) of the molecular structure of B5 with the 
atom numbering scheme. All hydrogen atoms have been omitted for clarity. Selected bond distances 
(Å), angles (°):C1–C11 1.492(3), C2–C15 1.469(3), C6–C16 1.450(4), C7–C17 1.461(4), C11–O1 
1.410(3), C11–O2 1.406(3), C15–O3 1.209(3), C16–O4 1.214(3), C17–O5 1.208(3), D1–Fe1 
1.6489(4), D2–Fe1 1.6439(4); C1–C11–O1 108.45(19), C1–C11–O2 108.78(19), C2–C15–O3 
124.4(2), C3–C2–C15 124.2(2), C5–C1–C11 126.7(2), C6–C16–O4 125.5(3), C7–C17–O5 
123.5(3), C8–C7–C17 125.4(2), C10–C6–C16 123.9(2), D1–Fe1–D2 176.10(3). D1 denotes the 
centroid of C1–C5; D2 denotes the centroid of C6–C10. 




Figure B - 3. ORTEP diagram (50 % probability level) of the molecular structure of B6 with the 
atom numbering scheme. Selected bond distances (Å), angles (°):C1–C11 1.469(9), C2–C12 
1.468(9), C6–C13 1.443(8), C7–C14 1.468(10), C11–O1 1.205(7), C12–O2 1.200(7), C13–O3 
1.215(7), C14–O4 1.201(7), D1–Fe1 1.6547(8), D2–Fe1 1.6495(8); C1–C11–O1 124.1(6), C2–
C12–O2 123.3(6), C3–C2–C12 125.1(6), C5–C1–C11 124.3(6), C6–C13–O3 125.0(6), C7–C14–
O4 122.4(6), C8–C7–C14 124.8(6), C10–C6–C13 125.1(6), D1–Fe1–D2 173.43(6). D1 denotes the 
centroid of C1–C5; D2 denotes the centroid of C6–C10. 
4. 3. Electrochemistry 
The electrochemical behaviors of ferrocenes B(1 – 8) were investigated by cyclic voltammetry 
using a anhydrous dichloromethane solution of [NnBu4][B(C6F5)4] 
B-(32–39) ( 0.1 mol·L-1) as support-
ing electrolyte at -40 °C. The [B(C6F5)4]
– counter ion of the electrolyte was chosen, as the use of 
[PF6]
– within measurements of compound B6 resulted in an irreversible behavior which is most 
probably caused by deposition of the compound on the surface of the electrode (see Figure B - 4). 
The lower ion-pairing capabilities of weakly coordinating [B(C6F5)4]
– B-(53–55) minimize these dep-
osition processes. At 25 °C highly formylated ferrocenes B(3 – 6) showed redox processes with 
less reversibility due to the decreasing stability of the positive charge at iron(III) which arises from 
the electron withdrawing effect of the formyl groups. Such a behavior is known for electron-poor 
sandwich compounds.B-30 Cooling the samples down to –40 °C helped to prevent side reactions of 
the monocationic species and reversible redox processes have been observed (ipc / ipa ≈ 1) during 
the cyclic voltammetry measurements (Figure B - 4). The data of the measurements are summarized 
in Table B - 2.  




Figure B - 4. Cyclic voltammogram of B6 in dichloromethane; (A) using [NnBu4][PF6] (0.1 
mol·L-1) as supporting electrolyte. (B) using [NnBu4][B(C6F5)4] (0.1 mol·L-1) as supporting elec-
trolyte at 25 °C (solid line) and –40 °C (dotted line); arrow indicates direction of measurement. 
Table B - 2. Cyclic voltammetry data for B(1 – 8), formylferrocene, 1,1′-diformylferrocene and 
1,2-diformylferrocene, in dichloromethane using [NnBu4][B(C6F5)4] (0.1 mol·L-1) as supporting 
electrolyte at –40 °C.  
Compound E°′ (mV) ΔEp (mV) ipc / ipa 
formyl-ferrocene 325 52 0.99 
1,1′-diformyl-ferrocene 635 78 0.98 
1,2-diformyl-ferrocene 630 59 1.00 
B1 -15 51 1.00 
B2 275 75 0.97 
B3 910 87 0.94 
B4 555 102 0.98 
B5 835 57 0.92 
B6 1145 59 0.83 
B7 -15 54 0.89 
B8 -20 55 0.81 
The electron withdrawing effect of the formyl groups is reflected by the shift of E°′ towards 
higher potential. Within the series of ferrocenes bearing an increasing number of formyl groups (0 
to 4) it can be shown that an additional aldehyde group will increase the redox potential of the 
appropriate compound by approximately 300 mV. Therefore, the redox potential of formyl-ferro-
cene, 1,1′-diformylferrocene, 1,2-diformylferrocene and compounds B3 and B 6 linearly correlate 
with the number of formyl functionalities present (Figure B - 5; R2 = 0.998). The 1,3-dioxan-2-yl 
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substituents on the other hand have a weak electron donating effect resulting in a shift towards 
lower potentials (e.g. B3, 912 mV → B5, 835 mV). 
 
Figure B - 5. Redox potential of formylferrocene, 1,1′-diformylferrocene, 1,2-diformylferro-
cene, compounds B3 and B6 (crosses) and compounds B1, B2 and B4 (triangles) in dependency of 
the number of CHO units. 
Vinylferrocenes B7 and B8 showed a reversible redox behavior with a weak electron donating 
effect of the vinyl group and therefore slightly negative potentials with respect to the ferrocene / 
ferrocenium oxidation. 
5. Conclusion 
Multi-functionalized ferrocenes B(2 – 6) bearing different numbers of formyl- and acetal-func-
tionalities have been prepared starting from 1,1′-di(1,3-dioxan-2-yl)ferrocene (B1) using straight-
forward synthesis methodologies, including the selective ortho-lithiation with one or two equiva-
lents of buthyl lithium and subsequent quenching with dimethylformamide, affording B2 and B4, 
respectively. Deprotection of the acetal moiety results in tri- and tetraformyl-ferrocenes B3, B5 and 
B6. Within a Wittig reaction the aldehydes B3 and B6 were converted to tri- and tetravinyl-ferro-
cenes B7 and B8. Compounds B(2 – 8) have been characterized by high resolution ESI mass spec-
trometry, IR, UV/Vis and NMR spectroscopy (1H, 13C{1H}) as well as elemental analysis . The 
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solid-state structures of three formyl-ferrocenes have been determined by single crystal X-ray dif-
fraction. In two of the structures the ferrocene moieties form 1D chains by parallel displaced π-
interactions with Cp∙∙∙Cp distances as short as 3.21 Å. Within the electrochemical measurements 
(CV) it could be shown that electron poor ferrocenes become unstable in the cationic oxidation 
state. The irreversible behavior could be prevented by (i) using weakly coordinating supporting 
electrolytes such as [NnBu4][B(C6F5)4] and (ii) reducing the measurement temperature to –40 °C. 
Furthermore, a linear correlation (R2 = 0.998) between the number of formyl functionalities and the 
redox potential was found, implying that irrespective of the functionalization pattern (for example, 
1,1′- or 1,2-substitution) an additional formyl group increases the FeII/FeIII redox potential by ca. 
300 mV.  
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This Chapter consists of an article which has been submitted as “Electron Transfer Studies 
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Electron Transfer Studies on Conjugated 
Ferrocenyl-Containing Oligomers 
Alexander Hildebrandt a*, Khaled Al Khalyfeha, Jonas F. Nawrothb and Rainer Jordanb.  
a) Technische Universität Chemnitz, Faculty of Natural Sciences, Institute of Chemistry, Inor-
ganic Chemistry, D-09107 Chemnitz, Germany. 
b) Technische Universität Dresden, School of Science, Chair of Macromolecular Chemistry, 
Mommsenstr. 4, 01069 Dresden, Germany. 
1. Abstract 
1,2-Divinylferrocene C1 and 1,2-diformylferrocene C3 have been converted to ferrocenyl con-
taining oligomers in good yields using ADMET (acyclic diene metathesis) and HWE (Horner-
Wadsworth-Emmons) reaction protocols. The resulting oligomers showed a high uniformity (low 
dispersity (D) values), however, the poor solubility limits the chains growth and led to low average 
molecular weights. Within electrochemical measurements (CV) the conjugated materials showed 
reversible behavior which was stable during multicyclic experiments. Coupled electrochemical and 
spectroscopic studies confirmed electron transfer interactions through the oligomeric chains. 
2. Introduction 
Metallopolymers possess interesting chemical, electrical and magnetic properties; especially 
metallocene containing polymers have attracted considerable attention due to the unique properties 
that arise from their sandwich structures.C-(1–12) Since the discovery of ferrocene as the first sand-
wich compound in 1951,C-13 it has been the most intensively researched organometallic moiety.C-14 
The incorporation of ferrocene into the polymers backbone led to novel electrochemical properties, 
such as, pronounced electron donating ability, fast electrochemical response, thermal stability and 
redox reversibility, and thus a wide range of applications became accessible.C-(1,15–18) The group of 
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Manners introduced ferrocenyl units into polymeric materials by thermal ring opening polymeriza-
tion (ROP) of strained silicon bridged feroccenophanes to form high molar mass organometallic 
polymers.C-19 Furthermore, polymers with various bridging moieties such as boronC-20 and sulfurC-
21 in the main chains of ferrocene containing polymer backbones have been developed.C-(22–24) How-
ever, the backbone moieties of those polymers often lack conjugation which hinders a direct chain 
mediated electron transport throughout the polymer.C-25 
Ring opening metathesis polymerization (ROMP) on ring-strained unsaturated ferrocenopha-
nesC-(24,26) as well as acyclic diene metathesis (ADMET) polymerization on α,ω-dienesC-(27,28) have 
been utilized to produce unsaturated polyethylene containing linear polymers such as poly(ferro-
cenylenevinylene) (PFV)C-29 and poly(1,2-divinylferrocene) (PVF)C-30 Although, such materials 
suffer from low molar mass,C-31 it was reported that they exhibit more efficient metal-metal inter-
actions than the saturated polymers.C-32 
Recently, diferrocenyl compounds with sulfur and selenium containing bridging units demon-
strated semiconducting behavior.C-33 Herein, we present the synthesis of new oligomeric ferrocene 
containing materials with thioether, selenoether and vinyl bridging functionalities. The characteri-
zation of these compounds by MALDI-TOF, GPC, IR-, in situ-UV/Vis-NIR- and NMR spectros-
copy (1H, 13C{1H} ), solid state NMR spectroscopy (1H-MAS, 13C{1H} CP-MAS) as well as their 
electrochemical behavior is reported. 
3. Results and Discussion  
3. 1. Synthesis and Characterization 
Divinylferrocene C1, is accessible by the Wittig reactionC-(34,35) of diformylferrocene C3C-36 
with methyltriphenylphosphonium bromide, was subjected to an acyclic diene metathesis (AD-
MET) reaction in 1,2-dichlorobenzene using the 2nd generation Hoveyda-Grubbs catalyst ((1,3-bis-
(2,4,6-trimethylphenyl)-2-imidazolidinylidene)dichloro(o-isopropoxyphenylmethylene)rutheium). 
After catalyst quenching with vinyl ethyl ether, the oligo-1,2-divinylferrocene was precipitated in 
methanol (Experimental Section, Scheme C - 1). 




Scheme C - 1. ADMET reaction of divinylferrocene C1 forming oligo(1,2-divinylferrocene) 
C2; (i) 2nd generation Hoveyda-Grubbs catalysis 1 mol%, 1,2-dichlorobenzen (1 mL/4.2 mmol), 
75 °C, 1 mbar, 8 hrs. 
The Horner–Wadsworth–Emmons (HWE) reactionC-(33,37,38) of diformylferrocene C3 with 
lithiated bis(diethylphosphinylmethyl)sulfide or bis(diethylphosphinylmethyl)selenide in THF 
gave oligoferrocenylbis(vinyl)sulfide C4 and oligoferrocenyl-bis(vinyl)selenide C5, respectively, 
in good yields (Experimental Section, Scheme C - 2). 
 
Scheme C - 2. Horner–Wadsworth–Emmons reaction of diformylferrocene C3; 1st: (i) Bis(di-
ethylphosphinylmethyl)sulfide (1.4 equiv.) for C4 or (ii) Bis(diethylphosphomethyl)selenide (1.4 
equiv.) for C5, tetrahydrofuran, –78 °C; 2nd: nBuLi (2.85 equiv.), 15 min; 3rd: 25 °C, 30 min; 4th: –
78 °C, diformylferrocene C3 (1.0 equiv.), in tetrahydrofuran, 15 min; 5th: 25 °C, 1.5 hrs.; 6th: 60 °C, 
12 hrs. 
Compounds C2, C4 and C5 were obtained as orange (C2 and C4) or orange-brown (C5) col-
ored powders. All compounds have been characterized by MALDI-TOF, GPC (C4), IR-, in situ-
UV/Vis-NIR- and NMR spectroscopy (1H, 13C{1H} ), solid state NMR spectroscopy (1H-MAS, 
13C{1H} CP-MAS) as well as electrochemical measurements. 
The MALDI-TOF spectrum of C2 shows that the main fraction (Figure C - 1, (a)) is an oligo(-
divinyl ferrocene) with six repeating units (Mp = 1288 m/z), however oligomers with up to nine 
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repeating units (d) have also been detected. The dispersity (D) of the oligomeric mixture C2 was 
found to be very low (D = 1.02 with Mn = 1359 g∙mol−1 and Mw = 1383 g∙mol−1). 
 
Figure C - 1. MALDI-TOF mass spectra of PVF C2; peaks labeled with a, b, c, and d corre-
spond to six, seven, eight and nine ferrocene units, respectively. 
For oligomers C4 and C5, MALDI-TOF results (C4: Mn = 1037 g∙mol−1 and Mw = 1182 
g∙mol−1 with D = 1.14; C5: Mn = 1037 g∙mol−1 and Mw = 1057 g∙mol−1 with D = 1.02) suggest that 
oligomer has in average three to four ferrocenyl units, however the deviation from GPC results of 
compound C4 having a much higher D (Mn = 923 g mol−1 and Mw = 1424 g mol−1 with D = 1.54) 
also hints to longer oligomers (= 6). It is possible that the laser irradiation necessary for the MALDI 
experiments fragementated longer oligomers. In general, it is reported that such π-conjugated oli-
gomers suffer from a low molar mass since, due to their conjugation, the connections are relatively 
stiff and thus make these polymers less soluble.C-31 Therefore, the reaction progress is fading with 
a growing chain length, and in our case does not exceed more than six to nine repeating units in 
significant amounts. 
The IR spectra show that the vinyl bands are slightly shifted from 3008 cm−1 to 3035 cm−1 
δ(=C-H bending) and from 1623 cm−1 to 1626 cm−1 ν(C=C stretching) C-35 after the ADMET reac-
tion. In addition the appearance of the ν(C=C) band changes during the reaction progress. While 
compound C1 showed a single band with moderate intensity for oligomers C2 multiple shoulders 
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(at 1565, 1601, 1657, 1692, 1704 and 1760 cm−1) confirm superimposed IR bands for the terminal 
and bridging vinyl groups. 
The HWE reaction was monitored by IR spectroscopy. The conversion of C3 is accompanied 
with the disappearance of the strong ν(C=O) bands at 2953, 2861 and 1669 cm−1 C-36 and the evo-
lution of intense C=C stretching vibrations for the bridging vinyls at 1654 cm−1 (C4) and 1612 cm−1 
(C5). In addition vinyl ν(C-H) (938, 807 cm−1 (C4); 948, 816 cm−1 (C5)) confirm the introduction 
of the C=C functionality. The terminal -OH group in C4 and C5 are characterized by the appearance 
of signals attributed to the C-O stretching vibrations between 1320 and 1000 cm−1. 
Since the oligomers of C2 with n > 6 are not soluble in common organic solvents, solid state 
NMR studies have been performed. Nevertheless, the solubility of the shorter chain length also 
allowed for measurements in solution for this part of the oligomeric mixture (n < 6). In the solid 
state NMR studies the presence of vinyl groups and ferrocenyl units are confirmed. However, due 
to the broad peak width no further details are accessible. The solution NMR measurements of the 
soluble fraction of mixture C2, in comparison with C1 revealed that internal vinyl groups are 
formed. While for C1 a clear coupling pattern was observed for the vinyl protons as well as for the 
ferrocenyl units, due to the ADMET reaction, in both spectral regions superimposed signals result-
ing from the chemical different environments (e. g. internal vs terminal ferrocenyl units) are present 
in C2 (see experimental part). 
Similar observations have been made within the 1H-NMR of C4 and C5 where in general only 
broad peaks were found. The line broadening led to a superimposed multiplett signal in the ferro-
cenyl region (3 – 5.5 ppm) which does not allow for any coupling determination. In addition signals 
for the vinyl groups are found at 6 – 7.2 ppm as a broad multiplett peak. The terminal OH function-
alities are characterized by the appearance of a signal at 1.35 ppm. For C5, a similar signal pattern 
as for C4 has been detected. In the 13C-NMR spectra oligomeric mixture C4 shows individual sig-
nals for the two Cp-rings of ferrocene at 71.1 and 70.7 ppm, and resonances for vinyl (81.5 ppm) 
and OH (16.5 ppm) groups are found. The lower solubility of C5 did not allow for the measurement 
of liquid 13C-NMR spectra, therefore, solid state NMR was recorded demonstrating signals for the 
ferrocenyl units at 71.3 ppm, the vinyl units at 82.3 ppm and the terminal OH functionalities at 16.3 
ppm. 
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3. 2. Electrochemistry and Spectroelectrochemistry 
The electrochemical behavior of C2, C4 and C5 has been investigated by cyclic voltammetry, 
square wave voltammetry and spectroelectrochemistry using solutions of anhydrous dichloro-
methane containing 0.1 mol∙L−1 [NnBu4][B(C6F5)4] as supporting electrolyte.C-(39,40) The electro-
chemical measurements were carried out at 25 °C, and were referenced against the potential of the 
FcH/FcH+ redox couple.C-41 
The electrochemical data of the oligomeric mixture C2 are shown in Figure C - 2 and are 
summarized in Table C - 1. In the cyclic voltammetry (Figure C - 2) reversible redox processes 
were detected. Multicyclic experiments showed that the ferrocenyl / ferrocenium redox couples of 
C2 are stable. The first oxidation occurs at -110 mV vs FcH/ FcH+ indicating that the vinyl groups 
donate electron density towards the ferrocenyl units. Due to electronic and electrostatic interactions 
amongst the ferrocenyl units further oxidations are shifted towards higher potentials (up to 470 mV) 
at which the last ferrocenyl unit is oxidized. It is noteworthy that [CH2(CH-Fc-CH)n-CH2]
n+ (with 
Fc = Fe(η5-C5H4)(η5-C5H5)) containing oligomers with up to six ferrocenium units did not precipi-
tate in the electrochemical cell or at the electrode surface during oxidation and hence even the 
completely oxidized oligo cations remained soluble within our measurement conditions. 
 
Figure C - 2. Voltammograms of anhydrous dichloromethane solution of C2 (1 mmol∙L−1) 
[NnBu4][B(C6F5)4] (0.1 mol∙L−1) used as supporting electrolyte) at 25 °C: (bottom) cyclic voltam-
mogram, (top) square wave voltammogram. 
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Table C - 1. Cyclic voltammetry data for the redox couples C2(n-1)+ / C2n+.a 







a ΔEp values could not be determined due to overlapping of the processes. bE°′ was determined 
by square wave voltammetry. 
In contrast, oligo(thioether) C4 and oligo(selenoether) C5 bridged bis(vinyl)ferrocene systems 
showed only a small redox splitting between the first and the last oxidation step (Figure C - 3, ΔE°′ 
= 295 mV and Figure C - 4, ΔE°′ = 437 mV, respectively), which suggests that a lower interaction 
between the ferrocenyl units caused by the increased distance when compared with C2. Due to the 
increasingly poor solubility of cationic C5n+, the measurements were conducted at a lower concen-
tration (0.25 mmol L−1) to avoid deposition at the electrode surface, however, this also increased 
the signal-to-noise ratio (Figure C - 4). The cyclic voltammetry measurements confirm the redox 
stability of oligomeric mixtures C4 and C5. 
 
Figure C - 3. Voltammograms of anhydrous dichloromethane solution of C4 (1 mmol∙L−1) 
[NnBu4][B(C6F5)4] (0.1 mol∙L−1) used as supporting electrolyte) at 25 °C: (bottom) cyclic voltam-
mogram, (top) square wave voltammogram. 
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Figure C - 4. Voltammograms of anhydrous dichloromethane solution of C5 (0.25 mmol∙L−1) 
[NnBu4][B(C6F5)4] (0.1 mol∙L−1) used as supporting electrolyte) at 25 °C: (bottom) cyclic voltam-
mogram, (top) square wave voltammogram. 
Diferrocenes bridged by vinyl backbones are known to exhibit a weak to moderate electronic 
coupling through the ethylene bridge in a mixed valent oxidation state.C-42 There-fore, it is expected 
to observe electron transfer interactions between the ferrocenyl units in C2, C4 and C5. To study 
the electron migration processes in-situ-UV/Vis-NIR measure-ments have been carried out in an 
OTTLE (optically trans-parent thin-layer electrochemistry) cell at rising potentials. To ensure re-
versibility of the processes, the analyte were reduced at -500 mV for 20 min after each experiments. 
The observed spectra were found to be identical to those of the initially measured analytes. Upon 
oxidation of C2 from -200 mV to 450 mV vs Ag/AgCl (≈ -600 – 50 mV vs FcH/FcH+) C-(43–46) 
within the NIR region broad bands evolve at 1750 and 2550 nm (Figure C - 5, A: bottom). Further 
increase of the potential (450 mV to 1600 mV vs Ag/AgCl) lead to the disappearance of these bands 
(Figure C - 5, A: top). Comparison with other ferrocenyl vinyl species such as diferrocenyl ethyl-
enesC-42 and diferrocenyl maleimidesC-47 showed that the observed excitations are caused by a pho-
tochemical induced electron transfer among the ferrocenyl units of C2. The band-structure can be 
deconvoluted using three Gausian shaped functions (Figure C - 5, B). The resulting absorption 
bands are assignable to ligand field (LF) transitions at 3800 cm−1, inter-valence charge transfer 
(IVCT) transitions 5600 cm−1 and additional ligand to metal charge transfer (LMCT) excitations at 
-600 -400 -200 0 200 400 600 800 1000
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8800 cm−1. The nature of C2 being an oligomeric mixture and the fact that the individual oligomers 
contain several ferrocenyl units however suggest that the observed excitations consist of multiple 
superimposed bands of similar characteristics. 
 
Figure C - 5. (A) UV/Vis-NIR spectra of C2 at 25 ° C in anhydrous dichloromethane (2.0 mmol 
L−1) at rising potentials (bottom, −200 (black line) to 450 mV (red line); top, 450 (red line) to 1600 
mV (blue line) vs Ag/AgCl); supporting electrolyte [NnBu4][B(C6F5)4]. (B) Deconvolution of the 
near-IR absorptions of [C2]n+ using three Gaussian-shaped bands determined by spectroelectro-
chemistry in an OTTLE cell; red line: experimental data; black dotted line: simulated spectrum; 
green line: IVCT band 
In the spectroelectrochemical measurements, C4 and C5 showed much weaker excitations in 
the NIR region during oxidation (Figure C - 6). For compound C4 it was possible to observe a very 
weak IVCT band at 6000 cm−1 while for C5 no electronic coupling could be observed. Comparison 
with diferrocenyl analoga, bis(ferrocenylvinyl)sulfide and bis(ferrocenylvinyl)selenideC-33, demon-
strated the same trend of decreasing electronic interactions going from sulfur to selenium. Further-
more the poor solubility (see above) of the selenium compound also hindered the detection of the 
very weak absorptions. In this case we cannot rule out that photochemical induced electron transfer 
is possible for the selenium compound however we were unable to detect the associated bands 
unambiguously. 
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Figure C - 6. (A) UV/Vis-NIR spectra of C4 at 25 ° C in anhydrous dichloromethane (0.5 mmol 
L−1) at rising potentials (bottom, −200 (black line) to 550 mV (red line); top, 550 (red line) to 1600 
mV (blue line) vs Ag/AgCl); supporting electrolyte [NnBu4][B(C6F5)4]. (B) Deconvolution of the 
near-IR absorptions of [C4]n+ using three Gaussian-shaped bands determined by spectroelectro-
chemistry in an OTTLE cell; red line: experimental data; black dotted line: simulated spectrum; 
green line: IVCT band. 
4. Conclusion 
Well-defined ferrocenyl containing oligomers have been synthesized starting from 1,2-divi-
nylferrocene C1 and 1,2-diformylferrocene C3 using ADMET and HWE reactions, respectively. 
The ADMET reaction afforded C2 in very good yields and low D under mild reaction conditions, 
oligo- thioether (C4) and selenoether (C5) bridged bis(vinyl)ferrocenes were formed via HWE re-
action of the 1,2-diformylferrocne C3. The oligomeric mixtures C2, C4 and C5 have been charac-
terized by MALDI-TOF, GPC (C4), IR-, NMR- (1H, 13C{1H} ) and solid state NMR spectroscopy 
(1H-MAS, 13C{1H} CP-MAS) (C5), in situ-UV/Vis-NIR spectroelectrochemistry as well as cyclic 
voltammetry. The poor solubility of the π – conjugated oligomers limits the chains growth and led 
to low average molar masses. This is probably caused by the relatively rigid conjugated connections 
and the low solubility.C-31 In the electrochemical measurements (CV) the oligomeric materials C2, 
C4 and C5 showed a reversible behavior as well as stable redox couples of the ferrocene moieties 
as demonstrated by multicyclic experiments. The expected electron donating effects of the vinyl 
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groups towards the ferrocenyl moieties in C2 and C4 is shown by the cathodic shift of the first 
oxidation step by approximately 100 mV with respect to FcH/ FcH+. Furthermore, the electronic 
and electrostatic interactions amongst the ferrocenyl moieties are affected by the length of the bridg-
ing units (-CH=CH-, or –CH=CH-E-CH=CH-, E = S, Se) and thus, the wider spatial distance in C4 
and C5 decrease the redox splitting compared with C2. Electronic coupling between the ferrocenyl 
units in C2 and C4 was demonstrated by in situ-UV/Vis-NIR spectroscopy as IVCT excitations 
have been observed in cationic oxidation states. Thereby, it was shown that divinylferrocene oligo-
mers C2 exhibit stronger electron transfer excitations between the ferrocenyl units than bis(vi-
nyl)sulfide bridged C4. While it cannot be ruled out that the ferrocenyl units in selenoethers C5 are 
electronically coupled to each other, we were not able to detect IVCT transitions for this compound, 
which in this case might be attributed to the low solubility and hence the low signal to noise ration 
within the experiment. 
5. Experimental section 
5. 1. General Data 
The 2nd generation Hoveyda-Grubbs catalyst and all lithiation reactions were carried out under 
an argon (5.0) atmosphere using standard Schlenk techniques. Tetrahydrofuran (THF) was purified 
by distillation from sodium/benzophenone. For electrochemistry HPLC grade dichloromethane 
(DCM) was purified by distillation from calcium hydride. 
5. 2. Reagents 
All starting materials were obtained from commercial suppliers and used without further puri-
fication. 1,2-Divinylferrocene C1C-35, 1,2-Diformylferrocene C3C-36, Bis(diethyl phosphinyl me-
thyl)sulfide and Bis(diethyl phosphor methyl)selenideC-33 were synthesized according to published 
procedures. 2nd generation Hoveyda Grubbs catalysis (1,3-Bis-(2,4,6-trimethyl phenyl)-2-imidazol 
idinylidene)dichloro(o-isopropoxy phenyl methylene)ruthenium) used directly from Tractus sup-
plier. 
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5. 3. Instruments 
A Bruker Avance III 500 spectrometer operating in the Fourier transform mode at 298 K was 
used to record the NMR spectra (1H NMR (500.3 MHz) and 13C{1H} NMR (125.8 MHz)), whereas 
the undeuterated residues (chloroform; 1H at 7.26 ppm) in deuterated solvent (chloroform-d1; 
13C{1H} at 77.00 ppm) served as internal standard (chemical shifts in δ, parts per million). A Bruker 
Avance 400 spectrometer equipped with double-tuned probes capable of MAS (magic angle spin-
ning) was used to record the solid state NMR spectra (1H-MAS NMR (400.1 MHz) and 13C{1H} 
CP-MAS NMR (100.6 MHz)). Spinning 3.2 mm zirconium oxide rotors are used for sample pack-
ing at 15kHz. 1H-MAS NMR was obtained with single puls excitation (90° puls, puls length 2.4 µs) 
and a recycle delay of 6 s. Cross polarization (CP) technique with contact time of 3 ms is used to 
enhance sensitivity for acquiring the spectra. The 13C-{1H}-CP-MAS NMR is collected with 1H 
decoupling using a TPPM (two puls phase modulation) puls sequence with 6 s recycle delaying. 
The spectras are referenced to tetramethyl silane (TMS) using TTSS (tetrakis(trimethylsilyl)silane) 
as an internal secondary standard (3.55 ppm for 13C, 0.27 ppm for 1H). A FT-Nicolet IR 200 spec-
trometer was used to record the infrared spectra. Analytical pure samples were used to determine 
the melting points with a Gallenkamp MFB 595 010 M melting point apparatus; UV/Vis-NIR spec-
tra were recorded between 280 and 3000 nm using a Carl Zeiss MCS 400 spectrometer utilizing 
CLD 300 (210–600 nm) and CLX 11 lamps (300–1010 nm); MALDI-TOF-MS was performed on 
a Biflex IV from Bruker Daltonics. Sample preparation was executed as following; due to low 
solubility the analyte and the matrix dithranol were mixed as solids in a ratio of 3:1 (w/w), respec-
tively. The mixture was pestelled and homogenized. Following this, a small amount (tip of a spat-
ula) was placed on the target and 1 µL of CHCl3 was added to fix the sample. The system was 
calibrated against the peptide calibration standard II (Bruker) at sample conditions. 
5. 4. Electrochemistry 
Electrochemical measurements were performed with 1.0 mmol L−1 solutions of C2, C4, 0.25 
mmol L−1 solution of C5 and 1.0 mmol L−1 [NnBu4][B(C6F5)4] as supporting electrolyte in anhy-
drous DCM at 25 °C. The instrumentation consists of a Radiometer Volta-lab PGZ 100 electro-
chemical workstation interfaced with a personal computer. The measurement cell contains three 
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electrodes, a Pt auxiliary electrode, a glassy carbon working electrode, and an Ag/Ag+ (0.01 mol 
L−1 AgNO3) reference electrode. The working electrode was pretreated by polishing on a Buehler 
microcloth subsequently with 1 μm and 1/4 μm diamond paste. The reference electrode consists of 
a silver wire which was inserted into a Luggin capillary with a Vycor tip filled with a solution of 
0.01 mol L−1 [AgNO3] and 0.1 mol L
−1 [NnBu4][B(C6F5)4] in acetonitrile, whereas this Luggin ca-
pillary was inserted into a second Luggin capillary with a Vycor tip filled with a solution of 0.1 mol 
L−1 [NnBu4][B(C6F5)4] in dichloromethane.
C-(39,40) Under these conditions all experiments showed 
that all oxidation and reduction processes were reproducible in the range of ±5 mV. All experi-
mental potentials were internally referenced against an Ag/Ag+ reference electrode whereas all pre-
sented results are referenced against ferrocene (as internal standard) as recommended by IUPAC.C-
41 The experimentally measured potential was converted into E vs. FcH/FcH+ by addition of –614 
mV, when decamethylferrocene served as an internal standard (according our conditions the 
Fc*/Fc*+ couple was at −614 mV vs FcH/FcH+, ΔEp = 60 mV, while the FcH/FcH+ couple itself was 
at 220 mV vs Ag/Ag+, ΔEp = 61 mV).C-(48–50) A Microsoft Excel worksheet was then used to process 
the data in order to set the formal redox potentials of the FcH/FcH+ couple to E°′ = 0.0 V. The cyclic 
voltammograms were taken after two scans and are considered to be steady state cyclic voltammo-
grams in which the signal pattern differs not from the initial sweep. 
5. 5. Spectroelectrochemistry 
Spectroelectrochemical UV/Vis-NIR measurements of 2.0 mmol L−1 solution of C2 and 0.5 
mmol L−1 solution of C4 and C5 in anhydrous DCM containing 1.0 mmol L−1 of [NnBu4][B(C6F5)4] 
as supporting electrolyte were performed in an OTTLE (optically transparent thin-layer electro-
chemical)C-51 cell with a Varian Cary 5000 spectrophotometer at 25 °C. A stepwise increasing 
within heights of 100, 50 or 25 mV have been used for the applied potentials among the spectro-
scopic measurements. To prove the reversibility of the oxidations, additional spectra were recorded 
after the potential was reduced to -500 mV for 15 min at the end of the measurements. 
5. 6. Synthesis of Poly(1,2-diviylferrocene) (C2) 
1,2-Divinylferrocene C1 (1.00 g, 4.20 mmol) was added to a solution of Hoveyda Grubbs cat-
alyst 2nd generation (26.36 mg, 42.00 µmol, 1 mol%) dissolved in 1 mL of 1,2-dichlorobenzene. 
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The mixture was stirred for 8 hours at 1 mbar vacuum (to remove ethylene from the reaction mix-
ture) at 75 °C. After addition of 2 mL of DCM catalysis was quenched by adding ethyl vinyl ether 
(6.66 mg, 92.8 µmol, 2.2 mol%) and stirred for 15 min at RT. The reaction mixture was then 
dropped into 125 mL of methanol, the product was filtered off and washed with hexane (0.64 g, 
74% as shiny orange powder). MALDI-TOF (g∙mol−1): 1359 (D = 1.02); Mp: 185.8 °C; 1H-NMR 
(CDCl3, δ / ppm): 6.88–6.63 (m, Cp-C2H2-Cp), 5.33 (dd, J = 134.3, 14.0 Hz, Cp-C2H3), 4.80–4.53 
(m, C5H3), 4.46–4.31 (m, C5H3), 4.22–3.96 (m, C5H5); 13C-NMR (CDCl3, δ / ppm): 133.2 (CH2), 
123.9 (CH), 123.6 (C2H2, trans-Cp-C2H2-Cp), 112.7 (C2H2, cis-Cp-C2H2-Cp), 83.5 (
iC-C5H3), 83.0 
(C-C5H3), 82.2 (C-C5H3), 70.6 (C-C5H5), 70.5 (C5H3), 68.6 (C5H3), 66.3 (C5H3), 66.2 (C5H3), 66.1 
(C5H3); IR (KBr, cm
−1): 3085 (m), 3035 (w), 1626 (m), 1408 (m), 1105 (m), 1000 (m), 942 (m), 
812 (s). 
5. 7. Synthesis of Polyferrocenyl-bis(vinyl)sulfide (C4) 
Bis(diethyl phosphinyl methyl)sulfide (1.4 eq, 2.90 g, 8.7 mmol) was dissolved in 30 mL of 
anhydrous THF and nBuLi (2.85 eq, 2.5 M in hexane, 7.1 mL, 17.7 mmol) was added dropwise at 
–78 °C. After stirring the mixture at –78 °C for 15 min the cooling bath was removed and stirring 
was continued for 30 min, while the reaction mixture was allowed to warm up to 25 °C. The reaction 
was cooled to –78 °C again and a solution of 1,2-diformylferrocene C3 (1.0 eq, 1.50 g, 6.2 mmol) 
in 25 mL of anhydrous THF were added dropwise. The mixture was stirred at –78 °C for 15 min 
followed by 90 min of stirring at 25 °C and refluxing for 12 hours. The crude reaction product was 
treated two times with brine (40 mL). The phases were separated and the organic phase was dried 
(MgSO4), volatiles were reduced to about 3 mL in oil pump vacuum and then dropped into 200 mL 
of methanol. The product was filtered off, washed with hexane and diethyl ether and dried in oil 
pump vacuum for 24 hours (1.17 g, 78% as dark-orange powder). GPC (g∙mol−1): 1424 (D = 1.54); 
MALDI-TOF (g∙mol−1): 1182 (D = 1.14); Mp: 262.2 °C;1H-NMR (CDCl3, δ / ppm): 6.51 (d, J = 
84.2 Hz, C2H2), 5.14–3.07 (m, C10H8Fe), 1.35 (s, OH); 13C-NMR (CDCl3, δ / ppm): 81.6 (C2H2), 
71.1 (C5H3), 70.7 (C5H5), 70.6 (C5H3),16.7 (COH); IR (KBr, cm
−1): 3095 (m), 2975 (m), 1654 (m), 
1590 (m), 1441 (m), 1043 (s), 939 (s), 807 (s). 
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5. 8. Synthesis of Polyferrocenyl-bis(vinyl)selenide (C5) 
Bis(diethyl phosphor methyl)selenide (1.4 eq, 3.41 g, 8.7 mmol) was dissolved in 30 mL of 
anhydrous THF and nBuLi (2.85 eq, 2.5 M in hexane, 7.1 mL, 17.7 mmol) was added dropwise at 
–78 °C. After stirring the mixture at –78 °C for 15 min the cooling bath was removed and stirring 
was continued for 30 min, while the reaction mixture was allowed to warm up to 25 °C. The reaction 
was cooled to –78 °C again and a solution of 1,2-diformylferrocene C3 (1.0 eq, 1.50 g, 6.2 mmol) 
in 25 mL of anhydrous THF were added dropwise. The mixture was stirred at –78 °C for 15 min 
followed by 90 min of stirring at 25 °C and refluxing for 12 hours. The crude reaction product was 
treated two times with brine (40 mL). The phases were separated and the organic phase was dried 
(MgSO4), volatiles were reduced to about 3 mL in oil pump vacuum and then dropped into 200 mL 
of methanol. The product was filtered off, washed with hexane and diethyl ether and dried in oil 
pump vacuum for 24 hours (1.09 g, 71% as brown powder). MALDI-TOF (g∙mol−1): 1057 (D = 
1.02); Mp: 185.8 °C; 1H-NMR (CDCl3, δ / ppm): 7.08–6.36 (m, C2H2), 5.40–3.29 (m, C10H8Fe), 
1.72–1.06 (s, OH); 1H-MAS NMR (TTSS, δ / ppm): 7.41 (C2H2), 4.13 (C10H9), 1.20 (OH); 13C{1H} 
CP-MAS NMR (TTSS, δ / ppm): 130.8 (C2H2), 82.2 (C5H3), 71.3 (C5H5), 16.2 (COH); (KBr, cm−1): 
1612 (m), 1569 (m), 1444 (m), 1045 (s), 948 (s), 816 (s). 
6. Associated content  
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Anionic Polymerization of Multi-Vinylferrocenes 
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rocenes“ by Khaled Al Khalyfeh, Jonas F. Nawroth, Rainer Jordan and Alexander Hildebrandt.  
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1. Abstract 
Bulk and solution anionic polymerization protocols have been developed to polymerize the 
vinylferrocene D1 and ferrocenes bearing two to four vinyl groups D(2–4) into linear polyvinylfer-
rocene DP-1(b, s) (b and s denote products from bulk and solution polymerization, respectively) 
and cross-linked polyvinylferrocene DP-2 – DP-4(b, s), respectively. Furthermore, the vinylferro-
cene D1 copolymerized with the others vinylferrocenes D(2–4) to produce cross-linked co-poly-
mers DP-5 – DP-7(b, s), respectively. The bulk route afforded high monomer consumption, high 
molar mass and relatively broad molecular weight distribution (increase dispersity (D) values) com-
paring to the solution route. The good solubility of DP-(1s – 7s) allows electrochemical and spec-
troelectrochemical measurements. A reversible redox behavior as well as stability up to 100 cycles 
of the ferrocenyl / ferrocenium redox couples were found for all polymeric materials. Electron do-
nor activity of the aliphatic bridging moiety towards the ferrocenyl functionalities were estimated 
since the first oxidation process shifted towards cathodic potentials (vs ferrocene). However; due 
to the presence of different types of monomer building blocks, two distinct maxima within the 
square wave voltammetry measurements were detected for the co-polymers DP-(5s – 7s). During 
in situ-UV/Vis-NIR measurements no inter-valence charge transfer (IVCT) band has been found 
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indicating no electronic coupling between the ferrocenyl units, this refer to the present of aliphatic 
units between the ferrocenyl units which hinder the metal-metal communication along the polymer 
chains. However, typical ligand-to-metal charge transfer excitations of the cyclopentadienyls to-
wards the Fe3+ ions were observed upon oxidation. 
2. Introduction 
Ferrocene and its derivatives have been in the focus of research during the last decades due to 
their magnetic, electrical and electrochemical properties.D-(1–3) Today, 65 years after the discovery 
of ferrocene,D-(4–6) ferrocenyl functionalities have been incorporated into different polymer back-
bonesD-(7–12) introducing properties, such as, pronounced electron donating ability, fast electrochem-
ical response, thermal stability and redox reversibility.D-(11,13–18) This allows such polymers for be-
ing used in a variety of applications including electrochemical sensors,D-(19,20) thin films transis-
tors,D-21 light emitting diodes,D-22 molecular magnets,D-(23,24) as well as semiconductors,D-(25–28) con-
ductorsD-(12,29–31) and charge storage materials.D-(14,29,32–35)  
The first well-characterized ferrocene containing polymer was prepared in 1955 via free radical 
and cationic polymerization of vinylferrocene.D-7 In 1992 the feasibility of the anionic polymeriza-
tion approach in the polymerization of vinylferrocene has been proven.D-(36,37) Subsequent attempts 
to improve the living anionic polymerization reaction such as, adding coordination species 
(EDETA) to accelerate chain propagation and systemically variation within the temperature and 
solvent have been reported.D-(37–41) However, the hesitant application of the anionic polymerization 
of vinylferrocenes is mainly caused by the relatively low average molecular weight.D-(34,38)  
Herein, we present new polymerization methodologies (in THF solution at room temperature 
and bulk at 70 °C) for the synthesis of linear polyvinylferrocene, cross-linked polymers of vinylfer-
rocenes bearing two to four vinyl-functionalities as well as they copolymerized with the vinylfer-
rocene. 
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3. Results and discussion 
3. 1. Synthesis and Characterization 
Polyvinylferrocene DP-1s (s denotes product from polymerization in solution; b denotes prod-
ucts from bulk polymerization) is accessible by anionic polymerization of vinylferrocene D1 using 
nBuLi as initiator in tetrahydrofuran (15 mL∙mmol−1) at room temperature (conditions deviate from 
previous reportsD-(36–38,42)) (Scheme D - 1), This methodology allowed for a high total monomer 
consumption, a relatively molar mass, and narrow size distribution (dispersity = D). In addition 
vinylferrocenes featuring more than one vinyl functionality (1,2-divinylferrocene D2, 1,1′,2-trivi-
nylferrocene D3 or 1,1′,2,2′-tetravinylferrocene D4) were polymerized (Scheme D - 1) and were 
used to generate a cross-linked copolymer materials (DP-5s, DP-6s, DP-7s, respectively)  with 
vinylferrocene D1 (Scheme D - 2) in very good yields. Furthermore, since vinylferrocenes D(1 – 
4) are low melting materials a solvent free bulk polymerization at 70 °C was performed using nBuLi 
as initiator giving polyvinylferrocene DP-1b (Scheme D - 1), cross-linked DP-2b, DP-3b and DP-
4b, respectively (Scheme D - 1) as well as copolymer materials DP-5b, DP-6b and DP-7b (Scheme 
D - 2) in high yields, high molar mass and narrow molecular weight distributions. The bulk reaction 
was found to progress much faster as complete monomer consumption has been observed over the 
cause of less than one hour. While the products from the reaction protocol performed in solution 
DP-(1s – 7s) are found to be soluble in most common organic solvents such as, dichloromethane, 
toluene and tetrahydrofuran, the highly cross-linked polymers DP-3b, DP-4b, DP-6b and DP-7b 
are poorly soluble. This difference in the behavior may point to the fact that the cross-linking units 
are better incorporated during the polymerization process within the bulk reaction compared with 
the appropriate solution protocol, and hence the degree of branching increases. 
All polymeric vinylferrocenes are yellow (DP-(1s – 7s), DP-1b, DP-2b, DP-5b), brown (DP-
6b, DP-7b) or black (DP-3b, DP-4b) colored materials. They were characterized by MALDI-TOF, 
elemental analysis, IR-, in situ-UV/Vis-NIR- and NMR-spectroscopy (1H, 13C{1H} ), solid state 
NMR spectroscopy (1H-MAS, 13C{1H} CP-MAS), as well as electrochemical measurements. 
 




Scheme D - 1. Anionic polymerization for the vinylferrocene derivatives (linear and cross-linked 
polymers). b = via bulk route, s = via solution route. (i) for bulk route: 1st: 70 °C, 1 min.; 2nd: nBuLi 
(0.01 eq), 2 min.; 3rd: anhydrous toluene (0.15 mL / 1 mmol), 1 h; for solution route: 1st: tetrahy-
drofuran (15 mL /1 mmol), 25 °C; 2nd: nBuLi (0.01 eq), 2 hrs. (ii) methanol (1 eq.), 15 min. 
 
Scheme D - 2. Co-polymerization of vinylferrocene D1 with other vinylferrocene derivatives 
D2, D3 or D4 as cross-linker. b = via bulk route, s = via solution route. (i) for bulk route: 1st: 70 °C, 
1 min.; 2nd: nBuLi (0.01 eq), 2 min.; 3rd: anhydrous toluene (0.15 mL / 1 mmol), 1 h; for solution 
route: 1st: tetrahydrofuran (15 mL /1 mmol), 25 °C; 2nd: nBuLi (0.01 eq), 2 hrs. (ii) methanol (1 eq.), 
15 min. 
The MALDI-TOF spectra of compounds DP-1b and DP-1s show that bulk route leads to higher 
molar mass and a broader distribution (increase D) when compared to the polymerization in solution 
(Table D - 1, Figure D - 1). Polymerization of 1,2-divinylferrocene D2 afforded polymers with 
additional vinyl functionalities which offer the possibility of cross-linking. Within the MALDI-
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TOF results of DP-2s (Table D - 1), the trend that the bulk method produces longer polymeric 
chains could be confirmed. Furthermore, the MALDI-TOF spectra of DP-2b showed two sets of 
signals with a difference of 56 g∙ mol−1 which reflects that the chains are either started by a butyl 
group or a hydride ion. The higher polymerization temperature of 70 °C may be responsible for the 
decomposition of the used nbutyl lithium, and hence, hydride ions could be available to start the 
polymerization reaction (Figure D - 2). 
Unfortunately for highly cross-linked compounds DP-3(b, s) and DP-4(b, s) no expressive 
MALDI-spectra could be obtained, which might be caused by the high degree of cross-linking 
within the polymer chains. Cross linked polymers are notoriously hard to detect as they don't fly 
The presence of vinyl ferrocenes D2, D3 or D4 in the co-polymerization products with vi-
nylferrocene D1 was proven by MALDI-TOF measurements of DP-5 – DP-7(b, s). Interestingly 
the cross-linked polymers showed low D values and relatively high molar mass (Table D - 1, Figure 
D - 3).  While it was found that under our experimental condition a fraction of the polymeric mixture 
always contained non-cross-linked polyvinyl ferrocene, series of polymer chains with different 
numbers of cross-linking units incorporated are also present. The one, two or three additional vinyl 
functionalities are represented by individual signal patterns with differences of 26 m/z, 52 m/z and 
76 m/z from the polyvinylferrocene peaks respectively. For these series it could be shown that 
polymers containing a higher number of cross-linking units D(2 – 4) exhibit a higher uniformity 
(lower D value) as well as a higher average molecular weight, both for the solution and the bulk 
polymerization method. For compound DP-7 it was found that the tetravinylferrocene motive is 
only present once per polymeric chain by applying the bulk polymerization method, however it is 
incorporated up to three times per chain using the solution polymerization method. This difference 
in reactivity might arise for the very fast reaction in the bulk polymerization routine whereby within 
seconds a solidification of the reaction mixture was observed. It also seems reasonable that the lack 
of chain solvation leads to a folding of the polymeric chains and hence cross-linking is not favored. 
Similar to compound DP-2b, Polymer DP-7b contains chains that have been started by hydride 
ions which are formed by thermal decomposition of the nbutyl lithium initiator.  




Figure D - 1. MALDI-TOF mass spectra; (A) for DP-1s, (B) for PVF DP-1b. 
 
Figure D - 2. MALDI-TOF mass spectra; (A) for DP-2s, (B) for DP-2b. 
 
Figure D - 3. MALDI-TOF mass spectra; (A) for DP-5b, (B) for DP-6b, (C) for DP-7b. 
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Table D - 1. MALDI-TOF- results of polymers DP-1(b, s), DP-2(b, s), DP-5 – DP-7(b, s). 
Compound 
M̅n M̅w D 
b s b s b s 
DP-1 1802 1314 2638 1544 1.46 1.17 
DP-2 
Average 1597 1467 1963 1757 1.23 1.20 
(2)n-H 1555 – 1929 – 1.24 – 
 nBu-(2)n-H 1645 1467 2000 1757 1.22 1.20 
DP-5 
Average 2016 2167 2456 2498 1.22 1.15 
nBu-(1)n-H 1674 2357 2091 2530 1.25 1.07 
nBu-(1)n-/-(2)1-H 1860 1979 2312 2397 1.24 1.21 
nBu-(1)n-/-(2)2-H 2137 2127 2560 2521 1.20 1.18 
nBu-(1)n-/-(2)3-H 2752 2263 2916 2548 1.06 1.13 
nBu-(1)n-/-(2)4-H 2753 2273 2932 2451 1.07 1.09 
nBu-(1)n-/-(2)5-H – 2606 – 2731 – 1.05 
DP-6 
Average 2046 2233 2419 2657 1.18 1.19 
nBu-(1)n-H 1755 2190 2131 2627 1.21 1.20 
nBu-(1)n-/-((3)1-nBu), -H2 2423 2338 2697 2726 1.11 1.17 
nBu-(1)n-/-((3)2-nBu), -H2 2874 – 3032 – 1.06 – 
nBu-(1)n-/-((3)4-nBu), -H2 2356 – 2586 – 1.10 – 
DP-7 
Average 1864 2424 2395 2863 1.29 1.18 
(1)n-H 1054 – 1134 – 1.08 – 
nBu-(1)n-H 1768 – 2270 – 1.28 – 
nBu-(1)n-/-((4)1-nBu), -H2 2380 – 2828 – 1.19 – 
nBu-(1)n-/-((4)2-nBu), -H2 – 2826 – 3274 – 1.13 
nBu-(1)n-/-((4)3-nBu), -H2 – 2271 – 2690 – 1.18 
The IR spectra of polymers DP-1b and DP-1s show that the vinyl stretching vibrations at 3081 
cm−1 ν(=C-H stretching) and 1628 cm−1 ν(C=C stretching)D-43 disappear after anionic living 
polymerization for compound D1. The appearance of ν(-C-H) bands (DP-1b: 2925 cm−1, 2852 cm−1 
ν(-C-H stretching), 1461 cm−1 δ(-C-H bending), 1339 cm−1 δ(-C-H rocking); DP-1s: 2928 cm−1, 
2847 cm−1 ν(-C-H stretching), 1458 cm−1 δ(-C-H bending), 1336 cm−1 δ(-C-H rocking)) confirm 
the anionic polymerization reaction progress of the vinyl groups. Within the IR measurements the 
same individual signals patterns for the cross-linked polymers DP-2 – DP-4(b, s) have been found. 
In addition, due to incomplete conversion of all vinyl groups in case of the high functionalized 
ferrocene D3 and D4,D-44 the =C-H bending bands are shifted from 899 cm−1 and 894 cm−1 in D3 
and D4 to 895 cm−1 and 892 cm−1 in DP-3(b,s) and DP-4(b,s), respectively. The vinylferrocene co-
polymers DP-5 – DP-7(b,s) show the same IR characteristic as the cross-linked polymers. 
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In general, broad peaks within the 1H NMR were found, because the individual ferrocenyl 
signals are superimposing each other and are reflected by one multiplet signal in the spectral region 
of 3.2 – 4.9 ppm. In addition aliphatic protons of the CH2 and CH groups are found as a broad signal 
at 0.2 – 3.0 ppm. For the linear polymers DP-1b and DP-1s solely these pattern were found, while 
the cross-linked co-polymer materials show two additional weak signals in the spectral region be-
tween 5.2 and 7.0 ppm, which are probably attributed to the unconverted vinyl functionalities. Since 
the highly cross-linked polymers DP-(2b – 4b) and DP-7b are poorly soluble or insoluble in com-
mon solvents, solid state NMR studies have been performed. Within the solid state NMR measure-
ments the presence of ferrocenyl functionalities (≈ 4.1 ppm) as well as the vinyl moieties (≈ 1.2 
ppm) are confirmed. Furthermore, the unconverted vinyl functionalities are demonstrated by the 
presence of very weak signals (≈ 7.1 ppm). However, due to the broad peak width no further details 
are accessible. Within solution 13C-NMR spectra, polymers DP-1b and DP-1s show individual sig-
nals for the ferrocenyl moieties in the spectral region between 64 and 97 ppm and resonances for 
the aliphatic carbon atoms between 14 and 35 ppm. The cross-linked polymers (DP-(2s – 4s)) as 
well as co-polymers (DP-5(b,s) and DP-6(b,s)) demonstrated two additional peaks between 110 
and 135 ppm attributed to the presence of unconverted vinyl functionalities. The ferrocenyl signals 
are observed in a narrower spectral region between 66 and 71 ppm, while the CH2- signals between 
14 and 45 ppm. Solid state 13C-NMR NMR of (DP-(2b – 4b)) and co-polymers (DP-7(b,s)) demon-
strated signals for the unconverted vinyl functionalities in the spectral region between 110 and 135 
ppm, ferrocenyl units between 69 and 100 ppm and the CH2- Aliphatic between 15 and 45 ppm.  
3. 2. Electrochemistry and Spectroelectrochemistry 
The electrochemical behavior of DP-(1s – 7s) has been investigated by cyclic voltammetry, 
square wave voltammetry and spectroelectrochemistry using 0.1 mol·L-1 anhydrous dichloro-
methane solutions of [NnBu4][B(C6F5)4] as supporting electrolyte.
D-(45,46) The electrochemical 
measurements were carried out at 25 °C, and were referenced against the potential of the FcH/FcH+ 
redox couple.D-47 
Exemplarily the cyclic voltammograms of polyvinylferrocne DP-1s and co-polymerDP-5s are 
depicted in Figure D - 4. The cyclic voltammograms of the other compounds can be found as Fig-
ures SI-(1 – 5) within the supporting information. For all polymeric materials a reversible redox 
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behavior was observed, however, due to the polymeric nature of the compounds several ferrocenyl 
related oxidations are superimposed with one another. For compound DP-1s the oxidation of the 
ferrocenyl units starts at a potential of -250 mV vs FcH/FcH+ and the compound is fully oxidized 
at a potential of 400 mV. The aliphatic CH2-CH- bridging moiety acts as electron donor towards 
the ferrocenyl functionalities and hence the first oxidation is shifted by ca 250 mV towards cathodic 
potentials with respect to ferrocene. Upon oxidation of the ferrocenyl units of the polymeric mate-
rials the electrostatic interactions between the Fe3+ ions increase, shifting further processes anodi-
cally up to 400 mV at which potential all of the Ferrocenyl groups are oxidized to ferrocenium 
functionalities (Table D – 2). However, multicyclic experiments showed that the ferrocenyl / ferro-
cenium redox couples of these polymers are stable for at least up to 100 cycles (see Figures SI-(6 – 
13). It is noteworthy that even in the complete oxidized state DP-(1s – 7s) did not precipitate in the 
electrochemical cell or on the electrode surface and hence even the completely oxidized polymers 
remains soluble within our measurement conditions. In contrast to the homopolymers DP-(1s – 4s), 
co-polymers DP-(5s – 7s) showed two distinct maxima within the square wave voltammetry meas-
urements which might be caused by the different types of monomer building blocks within the 
materials being oxidized at different potentials. However, it is not possible to assign individual 
redox events to certain processes. 
 
Figure D - 4. Voltammograms of anhydrous dichloromethane solution of (A) DP-1s (0.5 
mmol∙L−1) (B) DP-5s (0.5 mmol∙L−1), ([NnBu4][B(C6F5)4] (1.0 mmol∙L−1) used as supporting elec-
trolyte) at 25 °C: (bottom) Cyclic voltammogram, (top) Square wave voltammogram. 
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Table D - 2. Cyclic voltammetry data results of polymers DP-(1s – 7s).a 
Compound E(DP-Xs)° E(DP-Xs)n+ 
P-1s -244 410 
P-2s -300 461 
P-3s -330 470 
P-4s -340 515 
P-5s -222 428 
P-6s -248 445 
P-7s -260 486 
a: E(DP-Xs)°: potential at first oxidation state, E(DP-Xs)n+: potential at last oxidation state. 
In situ-UV/Vis-NIR spectroelectrochemical measurements of DP-(1s – 7s) allowed to deter-
mine if electron transfer processes between the individual ferrocenyl units within the polymer 
chains occurred. While typical ligand-to-metal charge transfer excitations of the cyclopentadienyls 
towards the Fe3+ ions can be found upon oxidation, no inter-valence charge transfer band was de-
tected (Figure D - 5, Figures SI-(13 – 18) within the supporting information). The aliphatic con-
necting units between the ferrocenyl hinder a through bond metal-metal coupling along the chains, 
however it is known that such ferrocenyl containing polymers exhibit notable conductivity due to 
electron hopping mechanisms between the individual chains.D-(48–51)  
 
Figure D - 5. (A) UV/Vis-NIR spectra of DP-6s at 25 ° C in anhydrous dichloromethane (0.25 
mmol L−1) at rising potentials (bottom, −200 (red line) to 1600 mV (blue line) vs Ag/AgCl); sup-
porting electrolyte [NnBu4][B(C6F5)4]. (B) Deconvolution of the near-IR absorptions of [DP-6s]n+ 
using three Gaussian-shaped bands determined by spectroelectrochemistry in an OTTLE cell; red 
line: experimental data; black dotted line: simulation spectra. 




































Bulk and solution anionic polymerization methodologies have been used to polymerize vi-
nylferrocene D1 and ferrocenes bearing two to four vinyl groups D(2 – 4) into giving linear poly-
vinylferrocene DP-1(b, s), cross-linked DP-2 – DP-4(b, s) and co-polymers DP-5 – DP-7(b, s). 
The bulk route afforded DP-(1b – 7b) with high monomer consumption, high molar mass and rel-
atively broad molecular weight distribution (dispersity = D) comparing with the polymers DP-(1s 
– 7s) from solution route. The polymer materials have been characterized by MALDI-TOF, IR-, 
NMR- (1H, 13C{1H}) (DP-(1s – 7s), DP-(1b, 5b)) and solid state NMR spectroscopy (1H-MAS, 
13C{1H} CP-MAS) (DP-(2b – 4b, 6b, 7b)) as well as in situ-UV/Vis-NIR spectroelectrochemistry 
and cyclic voltammetry DP-(1s – 7s). It is noticeable that the bulk protocol leads to longer polymer 
chains. Polymer materials DP-(1s – 7s) are found to be soluble in the most common organic solvent 
such as DCM, THF and toluene while cross-linked polymers DP-3b, DP-4b, DP-6b and DP-7b are 
poorly soluble. We could show that the degree of branching is bigger for the bulk polymerization 
which demonstrates that the cross linkers are incorporated better. The co-polymerization process of 
vinylferrocene D1 and vinylferrocenes D(2 – 4) are proven within the MALDI-TOF spectra of DP-
5 – DP-7(b, s) by the presence of an individual signal patterns with differences 26, 52 and 76 m/z 
from polyvinylferrocene peaks, respectively.  
Within the electrochemical measurements, reversible redox behavior for the polymeric mate-
rials DP-(1s – 7s) have been observed. The shift of the first oxidation process towards cathodic 
potentials (ca 250 mV vs Fc) hints to electron donor activity of the aliphatic bridging moiety to-
wards the ferrocenyl functionalities. Furthermore, within up to 100 CV cycles for all polymer ma-
terials, the ferrocenyl / ferrocenium redox couples were found to be stable. In addition, the com-
pletely oxidized polymers remain soluble since no precipitation were noticed neither at the elec-
trode surface nor in the electrochemical cell. Due to different types of monomer building blocks 
within the co-polymers DP-(5s – 7s), the materials being oxidized at different potentials and two 
distinct maxima within the square wave voltammetry measurements were observed. In situ-
UV/Vis-NIR spectroelectrochemistry for all polymeric materials DP-(1s – 7s) reveals that no IVCT 
band was observed which mean the metal-metal communication along the chains was hindered by 
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the aliphatic units between the ferrocenyl units, while LMCT excitations were found upon oxida-
tion. 
5. Experimental Section 
5. 1. General Data 
All lithiation reactions were carried out under an argon (5.0) atmosphere using standard 
Schlenk techniques. Tetrahydrofuran (THF) was purified by distillation from sodium/benzophe-
none and toluene was obtained from a MBRAUN (MB-SPS 800) solvent purification system (dou-
ble column solvent filtration, working pressure 0.5 bar). For electrochemistry HPLC grade di-
chloromethane (DCM) was purified by distillation from calcium hydride. 
5. 2. Reagents 
All starting materials were obtained from commercial suppliers and used without further puri-
fication. Vinylferrocene D1,D-38 1,2-divinylferrocene D2,D-52 1,1′,2-trivinylferrocene D3 and 
1,1′,2,2′-tetravinylferrocene D4D-44 were synthesized according to published procedures. 
5. 3. Instruments 
A Bruker Avance III 500 spectrometer operating in the Fourier transform mode at 298 K was 
used to record the NMR spectra (1H NMR (500.3 MHz) and 13C{1H} NMR (125.8 MHz)), whereas 
the undeuterated residues (chloroform; 1H at 7.26 ppm) in deuterated solvent (chloroform-d1; 
13C{1H} at 77.00 ppm) served as internal standard (chemical shifts in δ, parts per million). A Bruker 
Avance 400 spectrometer equipped with double-tuned probes capable of MAS (magic angle spin-
ning) was used to record the solid state NMR spectra (1H-MAS NMR (400.1 MHz) and 13C{1H} 
CP-MAS NMR (100.6 MHz)). Spinning 3.2 mm zirconium oxide rotors are used for sample pack-
ing at 15kHz. 1H-MAS NMR was obtained with single puls excitation (90° puls, puls length 2.4 µs) 
and a recycle delay of 6 s. Cross polarization (CP) technique with contact time of 3 ms is used to 
enhance sensitivity for acquiring the spectra. The 13C-{1H}-CP-MAS NMR is collected with 1H 
decoupling using a TPPM (two puls phase modulation) puls sequence with 6 s recycle delaying. 
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The spectras are referenced to tetramethyl silane (TMS) using TTSS (tetrakis(trimethylsilyl)silane) 
as an internal secondary standard (3.55 ppm for 13C, 0.27 ppm for 1H). A FT-Nicolet IR 200 spec-
trometer was used to record the infrared spectra. Analytical pure samples were used to determine 
the melting points with a Gallenkamp MFB 595 010 M melting point apparatus; elemental analyses 
were performed using a Thermo FlashEA 1112 Series instrument; UV/Vis-NIR spectra were rec-
orded between 280 and 3000 nm using a Carl Zeiss MCS 400 spectrometer utilizing CLD 300 (210–
600 nm) and CLX 11 lamps (300–1010 nm); MALDI-ToF-MS was performed on a Biflex IV from 
Bruker Daltonics. Sample preparation was executed as following; due to low solubility the analyte 
and the matrix dithranol were mixed as solids in a ratio of 3:1 (w/w), respectively. The mixture was 
pestelled and homogenized. Following this, a small amount (tip of a spatula) was placed on the 
target and 1 µL of CHCl3 was added to fix the sample. The system was calibrated against the peptide 
calibration standard II (Bruker) at sample conditions. 
5. 4. Electrochemistry 
Electrochemical measurements were performed with 0.5 mmol L-1 solutions of the analytes 
(DP-(1s – 7s)) and 1.0 mmol L−1 [NnBu4][B(C6F5)4] as supporting electrolyte in anhydrous DCM 
at 25 °C. The instrumentation consists of a Radiometer Volta-lab PGZ 100 electrochemical work-
station interfaced with a personal computer. The measurement cell contains three electrodes, a Pt 
auxiliary electrode, a glassy carbon working electrode, and an Ag/Ag+ (0.01 mol L−1 AgNO3) ref-
erence electrode.D-(45,46) The working electrode was pretreated by polishing on a Buehler microcloth 
subsequently with 1 μm and 1/4 μm diamond paste. Under these conditions all experiments showed 
that all oxidation and reduction processes were reproducible within 5 mV. All experimental poten-
tials were internally referenced against an Ag/Ag+ reference electrode whereas all presented results 
are referenced against ferrocene (as internal standard) as recommended by IUPAC.D-47 The exper-
imentally measured potential was converted into E vs. FcH/FcH+ by addition of –614 mV, when 
decamethylferrocene served as an internal standard (according our conditions the Fc*/Fc*+ couple 
was at −614 mV vs FcH/FcH+, ΔEp = 60 mV, while the FcH/FcH+ couple itself was at 220 mV vs 
Ag/Ag+, ΔEp = 61 mV).D-(53–55) A Microsoft Excel worksheet was then used to process the data in 
order to set the formal redox potentials of the FcH/FcH+ couple to E°′ = 0.0 V.  
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5. 5. Spectroelectrochemistry 
Spectroelectrochemical UV/Vis-NIR measurements of 0.25 mmol L−1 solution of (DP-(1s – 
7s)) in anhydrous DCM containing 1 mmol L−1 of [NnBu4][B(C6F5)4] as supporting electrolyte were 
performed in an OTTLE (optically transparent thin-layer electrochemical)D-56 cell with a Varian 
Cary 5000 spectrophotometer at 25 °C. A stepwise increasing within heights of 100, 50 or 25 mV 
have been used for the applied potentials among the spectroscopic measurements. To prove the 
reversibility of the oxidations, additional spectra were recorded after the potential was reduced to -
500 mV for 15 min at the end of the measurements. 
5. 6. General procedure for bulk polymerization 
Vinylferrocene D1, 1,2-divinylferrocene D2, 1,1′,2-trivinylferrocene D3 or 1,1′,2,2′-tetravi-
nylferrocene D4 were stirred at 70 °C for 1 min and nBuLi (0.01 eq) was added in one portion. After 
stirring for 2 minutes, the mixture start to solidify and anhydrous toluene (0.15 mL per 1 mmol of 
monomer) was added and stirring was continued for 1 h. After the addition of methanol (1.0 eq) at 
25 °C and stirring for 15 min, the mixture was concentrated to 2 mL in vacuum. The reaction mix-
ture was dropped in methanol (150 mL per 1 g of monomer), the product was then filtered off, 
washed with 20 mL of hexane and diethyl ether and dried in oil pump vacuum for 24 hours. 
5. 7. Synthesis of polyvinylferrocene (DP-1b) 
Vinylferrocene D1 (1.0 eq, 1.50 g, 7.1 mmol), nBuLi (0.01 eq, 2.5 M in hexane, 28.3 mmL, 
70.7 μmol). Product: 1.42 g, 94.7 % as yellow powder; MALDI-TOF (g·mol-1): 2638 (D = 1.46); 
elemental analysis calcd for ((C12H12Fe)n·(C4H9)0.01n) (212.71 g·mol
-1)n: C, 67.98; H, 5.72. Found: 
C, 67.46; H, 5.98;  1H-NMR (CDCl3, δ / ppm): 4.81–3.25 (C10H9), 2.71–0.43 (C2H3); 13C-NMR 
(CDCl3, δ / ppm): 68.6 (C5H4), 67.1 (C5H5), 32.1 (C2H3), 27.1 (C2H3), 22.9 (C2H3), 14.3 (C2H3),; IR 
(KBr, cm-1): 3090 (m), 2925 (m), 2852 (m), 1622 (m), 1461 (m), 1411 (m), 1339 (m), 999 (s), 812 
(s). 
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5. 8. Synthesis of poly-1,2-divinylferrocene (DP-2b) 
1,2-Divinylferrocene D2 (1.0 eq, 1.50 g, 6.3 mmol), nBuLi (0.01 eq, 2.5 M in hexane, 25.2 
mmL, 63.0 μmol). Product: 1.42 g, 93.9 % as dark brown powder; MALDI-TOF (g·mol-1): 1757 
(D = 1.2); elemental analysis calcd for ((C14H14Fe)n·(C4H9)0.01n) (238.75 g·mol
-1)n: C, 70.62; H, 
5.95. Found: C, 69.40; H, 6.62; 1H-MAS NMR (TTSS, δ / ppm): 5.24 (C2H3), 4.07 (C10H8), 1.07 
(C2H3); 
13C{1H} CP-MAS NMR (TTSS, δ / ppm): 134.4 (C2H3), 112.4 (C2H3), 94.5 (tC, C5H3), 82.7 
(tC-C5H3), 70.1 (C5H3), 66.7 (C5H5), 37.4 (C2H3), 32.9 (C2H3); IR (KBr, cm
-1): 3091 (m), 2924 (m), 
2857 (m), 1623 (m), 1456 (m), 1412 (m), 1000 (s), 815 (s). 
5. 9. Synthesis of poly-1,1′,2-trivinylferrocene (DP-3b) 
1,1′,2-trivinylferrocene D3 (1.0 eq, 1.50 g, 5.7 mmol), nBuLi (0.01 eq, 2.5 M in hexane, 22.7 
mmL, 56.8 μmol. Product: 1.45 g, 95.6 % as black powder; MALDI-TOF (g·mol-1): 694 (D = 1.02); 
elemental analysis calcd for ((C16H16Fe)n·(C4H9)0.01n) (264.78 g·mol
-1)n: C, 72.75; H, 6.13. Found: 
C, 73.05; H, 7.27; 1H-MAS NMR (TTSS, δ / ppm): 7.07 (C2H3), 3.54 (C10H7), 1.31 (C2H3); 13C{1H} 
CP-MAS NMR (TTSS, δ / ppm): 133.8 (C2H3), 112.0 (C2H3), 90.6 (tC-C5H3), 89.7 (tC-C5H3), 83.8 
(tC-C5H4), 68.0 (C5H3, C5H4), 37.1 (C2H3), 33.8 (C2H3), 23.7 (C2H3), 14.7 (C2H3); IR (KBr, cm
-1): 
3078 (m), 2914 (m), 2849 (m), 1625 (m), 1451 (m), 983 (s), 895 (m), 798 (s). 
5. 10. Synthesis of poly-1,1′,2,2′-tetravinylferrocene (DP-4b) 
1,1′,2,2′-tetravinylferrocene D4 (1.0 eq, 1.50 g, 5.2 mmol), nBuLi (0.01 eq, 2.5 M in hexane, 
20.68 mmL, 51.7 μmol). Product: 1.46 g, 96.0 % as black powder; MALDI-TOF (g·mol-1): 780 (D 
= 1.03); elemental analysis calcd for ((C18H18Fe)n·(C4H9)0.01n) (290.82 g·mol
-1)n: C, 74.50; H, 6.27. 
Found: C, 74.69; H, 7.53;  1H-MAS NMR (TTSS, δ / ppm): 7.10 (C2H3), 3.63 (C10H6), 1.01 (C2H3); 
13C{1H} CP-MAS NMR (TTSS, δ / ppm): 134.3 (C2H3), 112.0 (C2H3), 89.4 (tC-C5H3), 84.0 (tC-
C5H3), 67.8 (C5H3), 67.1 (C5H3), 41.4 (C2H3), 32.9 (C2H3), 23.1 (C2H3), 14.5 (C2H3); IR (KBr, cm
-
1): 3078 (m), 2918 (m), 2853 (m), 1624 (m), 1448 (m), 980 (s), 892 (m), 797 (s). 
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5. 11. Synthesis of polyvinylferrocene / poly-1,2-divinylferrocene 
co-polymer (DP-5b) 
Vinylferrocene D1 (1.0 eq, 1.50 g, 7.1 mmol), 1,2-divinylferrocene D2 (0.1 eq, 0.17 g, 0.07 
mmol), nBuLi (0.01 eq, 2.5 M in hexane, 31.1 mmL, 77.8 μmol). Product: 1.56 g, 93.4 % as yellow 
powder; MALDI-TOF (g·mol-1): 1880 (D = 1.20); elemental analysis calcd for 
((C12H12Fe)n·(C14H14Fe)0.1n) (235.87 g·mol
-1)n: C, 68.2; H, 5.70. Found: C, 66.58; H, 5.86; 
 1H-
NMR (CDCl3, δ / ppm): 6.57–6.33 (C2H3), 5.58–4.89 (C2H3), 4.83–3.15 (C10H9, C10H8), 2.82–0.30 
(C2H2); 
13C-NMR (CDCl3, δ / ppm): 134.8 (C2H3), 111.2 (C2H3), 69.4 (tC-C5H4), 69.2 (tC-C5H3), 
68.8 (C5H4), 68.6 (C5H3), 67.1 (C5H5), 66.8 (C5H5), 35.3 (C2H3), 32.3 (C2H3), 22.9 (C2H3), 14.4 
(C2H3); IR (KBr, cm
-1): 3089 (m), 2926 (m), 2855 (m), 1627 (m), 1459 (m), 1411 (m), 1340 (m), 
999 (s), 814 (s). 
5. 12. Synthesis of polyvinylferrocene / poly-1,1′,2-trivinylferro-
cene co-polymer (DP-6b) 
Vinylferrocene D1 (1.0 eq, 1.50 g, 7.1 mmol), 1,1′,2-trivinylferrocene D3 (0.1 eq, 0.19 g, 0.07 
mmol), nBuLi (0.01 eq, 2.5 M in hexane, 31.1 mmL, 77.8 μmol). Product: 1.59 g, 94.1 % as yellow 
powder; MALDI-TOF (g·mol-1): 1958 (D = 1.15); elemental analysis calcd for 
((C12H12Fe)n·(C16H16Fe)0.1n) (238.48 g·mol
-1)n: C, 68.5; H, 5.80. Found: C, 68.30; H, 6.20; 
 1H-
MAS NMR (TTSS, δ / ppm): 7.07 (C2H3), 3.54 (C10H9, C10H6), 1.31 (C2H3); 13C{1H} CP-MAS 
NMR (TTSS, δ / ppm): 133.7 (C2H3), 112.0 (C2H3), 90.6 (tC-C5H4), 89.7 (tC-C5H3, tC-C5H4), 83.8 
(C5H4, C5H3), 68.0 (C5H5), 37.1 (C2H3), 33.8 (C2H3), 23.1 (C2H3), 14.5 (C2H3); IR (KBr, cm
-1): 
3093 (m), 2921 (m), 2854 (m), 1632 (m), 1457 (m), 1411 (m), 1339 (m), 1000 (s), 813 (s), 751 (s). 
5. 13. Synthesis of polyvinylferrocene / poly-1,1′,2,2′-tetravi-
nylferrocene co-polymer (DP-7b) 
Vinylferrocene D1 (1.0 eq, 1.50 g, 7.1 mmol), 1,1′,2,2′-tetravinylferrocene D4 (0.1 eq, 0.21 g, 
0.07 mmol), nBuLi (0.01 eq, 2.5 M in hexane, 31.1 mmL, 77.8 μmol. Product: 1.60 g, 93.6 % as 
brownish-yellow powder; MALDI-TOF (g·mol-1): 1992 (D = 1.19); elemental analysis calcd for 




-1)n: C, 68.7; H, 5.80. Found: C, 67.59; H, 6.25; 
 1H-
MAS NMR (TTSS, δ / ppm): 7.10 (C2H3), 4.13 (C10H9, C10H6), 1.01 (C2H3); 13C{1H} CP-MAS 
NMR (TTSS, δ / ppm): 134.3 (C2H3), 112.0 (C2H3), 89.4 (tC-C5H4), 84.0 (tC-C5H3, tC-C5H4), 67.8 
(C5H4, C5H3), 67.1.0 (C5H5), 41.4 (C2H3), 32.9 (C2H3), 23.1 (C2H3), 14.5 (C2H3); IR (KBr, cm
-1): 
3092 (m), 2922 (m), 2855 (m), 1620 (m), 1458 (m), 1411 (m), 1338 (m), 1000 (s), 814 (s). 
5. 14. General procedure for polymerization in solution 
Vinylferrocene D1, 1,2-divinylferrocene D2, 1,1′,2-trivinylferrocene D3 or 1,1′,2,2′-tetravi-
nylferrocene D4 were  dissolved in anhydrous tetrahydrofuran (15 mL / 1 mmol) and nBuLi (0.01 
eq / vinyl group) was added in one portion at 25 °C. The mixture was stirred for 2 hrs. After addition 
of methanol (1.0 eq) and stirring for 15 min, the mixture was concentrated to 2 mL in vacuum. The 
reaction mixture was dropped in methanol (150 mL per 1 g of monomer), the product was then 
filtered off, washed with 20 mL of hexane and diethyl ether and dried in oil pump vacuum for 24 
hours. 
5. 15. Synthesis of polyvinylferrocene (DP-1s) 
Vinylferrocene D1 (1.0 eq, 1.50 g, 7.1 mmol), nBuLi (0.01 eq, 2.5 M in hexane, 28.3 mmL, 
70.7 μmol). Product: 1.23 g, 82.0 % as yellow powder; MALDI-TOF (g·mol-1): 1896 g·mol-1 (D = 
1.65); elemental analysis calcd for (C12H12Fe)n (212.07 g·mol
-1)n: C, 67.96; H, 5.70. Found: C, 
67.46; H, 5.98;  1H-NMR (CDCl3, δ / ppm): 4.54–3.49 (C10H9), 2.86–0.70 (C2H3); 13C-NMR (CDCl3, 
δ / ppm): 68.6 (C5H4), 67.1 (C5H5), 32.3 (C2H3), 27.1 (C2H3), 22.8 (C2H3), 14.3 (C2H3);IR (KBr, 
cm-1): 3087 (m), 2928 (m), 2847 (m), 1626 (m), 1458 (m), 1410 (m), 1336 (m), 1000 (s), 813 (s). 
5. 16. Synthesis of polyvinylferrocene (DP-2s) 
1,2-Divinylvinylferrocene D2 (1.0 eq, 1.50 g, 6.3 mmol), nBuLi (0.01 eq, 2.5 M in hexane, 
25.2 mmL, 63.0 μmol. Product: 1.22 g, 80.7 % as dark brown powder; MALDI-TOF (g·mol-1): 
2306 (D = 1.18); elemental analysis calcd for ((C14H14Fe)n·(C4H9)0.01n) (238.75 g·mol
-1)n: C, 70.62; 
H, 5.95. Found: C, 69.41; H, 6.65; 1H-NMR (CDCl3, δ / ppm): 6.50–6.37 (C2H3), 5.41–5.00 (C2H3), 
4.57–3.55 (C10H9), 3.04–0.67 (C2H2); 13C-NMR (CDCl3, δ / ppm): 133.0 (C2H3), 112.6 (C2H3), 70.5 
(tC-C5H3), 70.2–65.5 (C5H3), 69.4–68.7 (C5H3), 66.3 (C5H3), 65.8–65.3 (C5H5), 29.8 (C2H3), 22.8 
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(C2H3), 14.4 (C2H3), 14.3 (C2H3);
 IR (KBr, cm-1): 3091 (m), 2922 (m), 2851 (m), 1625 (m), 1456 
(m), 1409 (m), 999 (s), 814 (s). 
5. 17. Synthesis of polyvinylferrocene (DP-3s) 
1,1′,2-Trivinyinylferrocene D3 (1.0 eq, 1.50 g, 5.7 mmol), nBuLi (0.01 eq, 2.5 M in hexane, 
22.7 mmL, 56.8 μmol). Product: 1.24 g, 81.7 % as black powder; MALDI-TOF (g·mol-1): 957 (D 
= 1.06); elemental analysis calcd for ((C16H16Fe)n·(C4H9)0.01n) (264.78 g·mol
-1)n: C, 72.75; H, 6.13. 
Found: C, 73.18; H, 7.28;  1H-NMR (CDCl3, δ / ppm): 6.54–6.37 (C2H3), 5.41–4.97 (C2H3), 4.59–
3.41 (C10H9), 2.78–0.71 (C2H2); 13C-NMR (CDCl3, δ / ppm): 133.7 (C2H3), 111.7 (C2H3), 69.5–67.8 
(tC-C5H3), 67.6–66.1 (C5H3), 65.5–64.3 (C5H4), 32.1 (C2H3), 29.8 (C2H3), 22.6 (C2H3), 14.3 (C2H3); 
IR (KBr, cm-1): 3082 (m), 2920 (m), 2853 (m), 1624 (m), 1455 (m), 982 (s), 892 (m), 799 (s). 
5. 18. Synthesis of polyvinylferrocene (DP-4s) 
1,1′,2,2′-Tetravinylfvinylferrocene D4 (1.0 eq, 1.50 g, 5.2 mmol), nBuLi (0.01 eq, 2.5 M in 
hexane, 20.68 mmL, 51.7 μmol). Product: 1.25 g, 82.2 % as black powder; MALDI-TOF (g·mol-
1): 856 (D = 1.05); elemental analysis calcd for ((C18H18Fe)n·(C4H9)0.01n) (290.82 g·mol
-1)n: C, 
74.50; H, 6.27. Found: C, 74.85; H, 7.55;  1H-NMR (CDCl3, δ / ppm): 6.54–6.40 (C2H3), 5.42–4.95 
(C2H3), 4.54–3.55 (C10H9), 2.77–0.68 (C2H2); 13C-NMR (CDCl3, δ / ppm): 133.6 (C2H3), 112.9 
(C2H3), 69.6–68.0 (tC-C5H3), 67.8–66.1 (C5H3), 65.3–63.9 (C5H3), 31.9 (C2H3), 29.7 (C2H3), 22.5 
(C2H3), 14.1 (C2H3);IR (KBr, cm
-1): 3083 (m), 2924 (m), 2854 (m), 1625 (m), 1453 (m), 981 (s), 
892 (m), 799 (s). 
5. 19. Synthesis of polyvinylferrocene (DP-5s) 
Vinylferrocene D1 (1.0 eq, 1.50 g, 7.1 mmol, 1,2-divinylferrocene D2 (0.1 eq, 0.17 g, 0.07 
mmol), nBuLi (0.01 eq, 2.5 M in hexane, 31.1 mmL, 77.8 μmol). Product: 1.35 g, 80.8 % as yellow 
powder; MALDI-TOF (g·mol-1): 2020 (D = 1.17); elemental analysis calcd for 
((C12H12Fe)n·(C12H12Fe)0.1n) (235.87 g·mol
-1)n: C, 68.2; H, 5.70. Found: C, 66.58; H, 5.86; 
 1H-
NMR (CDCl3, δ / ppm): 6.51–6.37 (C2H3), 5.41–4.97 (C2H3), 4.57–3.55 (C10H9), 3.04–0.67 (C2H2); 
13C-NMR (CDCl3, δ / ppm): 69.9 (tC-C5H4), 69.4 (tC-C5H3), 68.6 (C5H4, C5H3), 67.1 (C5H5) 32.5 
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(C2H3), 32.4 (C2H3), 23.0 (C2H3), 14.3 (C2H3); IR (KBr, cm
-1): 3092 (m), 2925 (m), 2857 (m), 1629 
(m), 1459 (m), 1411 (m), 1336 (m), 999 (s), 814 (s). 
5. 20. Synthesis of polyvinylferrocene (DP-6s) 
Vinylferrocene D1 (1.0 eq, 1.50 g, 7.1 mmol), 1,1′,2-trivinylferrocene D3 (0.1 eq, 0.19 g, 0.07 
mmol), nBuLi (0.01 eq, 2.5 M in hexane, 31.1 mmL, 77.8 μmol). Product: 1.38 g, 81.7 % as yellow 
powder; MALDI-TOF (g·mol-1): 2179 g·mol-1 (D = 1.19); elemental analysis calcd for 
((C12H12Fe)n·(C16H16Fe)0.1n) (238.48 g·mol
-1)n: C, 68.5; H, 5.80. Found: C, 68.30; H, 6.20; 
 1H-
NMR (CDCl3, δ / ppm): 6.72–6.30 (C2H3), 5.59–4.92 (C2H3), 4.85–3.03 (C10H9), 2.88–0.19 (C2H2); 
13C-NMR (CDCl3, δ / ppm): 134.8 (C2H3), 111.2 (C2H3), 69.3 (tC-C5H4), 68.8 (tC-C5H3), 68.6 
(C5H4, C5H3), 67.1 (C5H5), 66.8 (C5H5), 32.1 (C2H3), 29.8 (C2H3), 22.9 (C2H3), 14.3 (C2H3); IR 
(KBr, cm-1): 3090 (m), 2924 (m), 2849 (m), 1626 (m), 1460 (m), 1411 (m), 1336 (m), 1000 (s), 814 
(s). 
5. 21. Synthesis of polyvinylferrocene (DP-7s) 
Vinylferrocene D1 (1.0 eq, 1.50 g, 7.1 mmol), 1,1′,2,2′-tetravinylferrocene D4 (0.1 eq, 0.21 g, 
0.07 mmol), nBuLi (0.01 eq, 2.5 M in hexane, 31.1 mmL, 77.8 μmol). Product: 1.39 g, 80.7 % as 
brownish-yellow powder; MALDI-TOF (g·mol-1): 2285 (D = 1.23); elemental analysis calcd for 
((C12H12Fe)n·(C18H18Fe)0.1n) (241.09 g·mol
-1)n: C, 68.7; H, 5.80. Found: C, 67.59; H, 6.25; 
1H-NMR 
(CDCl3, δ / ppm): 7.20–7.05 (C2H3), 5.48–5.16 (C2H3), 4.67–3.41 (C10H9), 2.69–0.47 (C2H2); 13C-
NMR (CDCl3, δ / ppm): 134.8 (C2H3), 111.2 (C2H3), 69.3 (tC-C5H4), 68.8 (C5H4), 68.5 (C5H2), 67.1 
(C5H5), 66.8 (C5H5), 32.3 (C2H3), 29.8 (C2H3), 22.8 (C2H3), 14.3 (C2H3); IR (KBr, cm
-1): 3088 (m), 
2924 (m), 2853 (m), 1625 (m), 1456 (m), 1411 (m), 1340 (m), 1000 (s), 814 (s). 
6. Associated Content 
6. 1. Supporting Information 
Supporting information contains figures for electrochemical and spectroelectrochemistry 
measurements. (PDF) 
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The cumulative PhD thesis deals with several aspects covering the synthesis and characteriza-
tion of new ferrocenyl based derivatives, conjugated oligomers and polymers, new polymerization 
protocols, as well as electrochemical and spectroelectrochemical studies. 
In Chapter B, the synthesis of ferrocenes with up to four formyl functionalities was realized 
via selective ortho-lithiation of 1,1′-di(1,3-dioxan-2-yl)ferrocene with 1.1 or 2.2 equiv. of tBuli in 
diethyl ether at –78 °C. The subsequent reaction with dimethylformamide gave aldehydes B2 and 
B4 (Scheme E - 1). Deprotection of the acetal groups resulted in the formation of tri- and tetraformyl 
ferrocenes B3 and B6, respectively. The Wittig reaction of B3 and B6 affords tri- and tetra-vinyl 
ferrocenes B7 and B8, respectively (Scheme E - 2). These compounds have been fully character-
ized. In addition, The Solid-state structure of B4 – B6 has been determined. 
 
Scheme E - 1. Formylation reaction of diacetal B1 forming aldehydes B(2 – 6). 
(i) 1st: tBuLi (1.1 equiv. for B2; 2.2 equiv. for B4), diethyl ether, –78 °C, 15 min; 2nd: 25 °C, 2 h; 3rd: dimethyl formamide (1.1 equiv.
for B2; 2.2 equiv. for B4), –78 °C, 15 min; 4th: 25 °C, 2 h. (ii) trifluoromethanesulfonic acid, tetrahydrofuran, water, 25 °C, 24 h.




Scheme E - 2. Wittig reaction of aldehydes B4 and B6, forming vinylferrocenes B7 and B8. 
Within the electrochemistry measurements the [B(C6F5)4]
– counter-ion was chosen, since com-
pound B6 shows an irreversible behavior, which is probably caused by the deposition of the com-
pound on the surface of the electrode when the [PF6]
– counter-ion was used. The weakly coordinat-
ing [B(C6F5)4]
– ion minimizes these deposition processes. Compounds B3 – B6 showed redox pro-
cesses of less reversibility at 25 °C, due to the decreasing stability of the positive charge at iron(III). 
Cooling the samples down to –40 °C helped to prevent side reactions of the mono-cationic species. 
Furthermore, a linear correlation between the number of formyl functionalities and the redox po-
tential was found.  
Within Chapter C, ferrocenyl-containing oligomers have been synthesized via ADMET (acy-
clic diene metathesis) and HWE (Horner-Wadsworth-Emmons) reaction protocols. 1,2-Divinylfer-
rocene C1 was subjected to the ADMET reaction. After catalyst quenching, oligo-1,2-divinylfer-
rocene was precipitated in methanol (Scheme E - 3). The Horner–Wadsworth–Emmons (HWE) 
reaction of 1,2-diformylferrocene C3 with lithiated bis(diethylphosphinylmethyl)sulfide or bis(di-
ethylphosphinylmethyl)selenide in THF gave oligoferrocenylbis(vinyl)sulfide C4 and oligoferro-
cenyl-bis(vinyl)selenide C5, respectively ( Scheme E - 4). 
(i) 1st: methyltriphenylphosphonium bromide (3.4 equiv. for B7; 4.5 equiv. for B8), tetrahydrofuran, 0 °C; 
2nd: nBuLi (3.3 equiv. for B7; 4.4 equiv. for B8), 30 min; 3rd: 25 °C, 24 h.




Scheme E - 3. ADMET reaction of divinylferrocene C1. 
 
Scheme E - 4. HWE reaction of diformylferrocene C3. 
The poor solubility of the π – conjugated oligomers limits the chains growth and led to low 
molar masses. Within CV measurements, C2, C4 and C5 showed a reversible behavior and stable 
redox couples of the ferrocene moieties. The electronic and electrostatic interactions amongst the 
ferrocenyl moieties are affected by the length of the bridging units (-CH=CH-, –CH=CH-E-
CH=CH-; E = S, Se) and thus, the wider spatial distance in C4 and C5 decreases the redox splitting 
compared with C2. Oligomers C2 exhibit stronger electron transfer excitations (IVCT) between the 
ferrocenyl units than oligomers C4. However, we were not able to detect IVCT bands for C5, due 
to-low-signal to noise ratios that arises from the low solubility. 
Bulk and solution anionic polymerization protocols are reported in Chapter D. Polyvinylferro-
cene DP-1s (s = polymerization in solution) is accessible by anionic polymerization of vinylferro-
cene D1 using nBuLi as initiator in tetrahydrofuran at ambient temperature. 1,2-Divinylferrocene 
D2, 1,1′,2-trivinylferrocene D3 or 1,1′,2,2′-tetravinylferrocene D4 were polymerized (DP-(2s – 4s)) 
(Scheme E - 5) and were used to generate a cross-linked copolymer (DP-(5s – 7s)) with vinylferro-
cene D1 (Scheme E - 6). In addition, since vinylferrocenes D1 – D4 are low melting materials, a 
(i) 2nd generation Hoveyda-Grubbs catalysis 1 mol%, 1,2-dichlorobenzene 
(1 mL/4.2 mmol), 75 °C, 1 mbar, 8 h.
1st: (i) Bis(diethylphosphinylmethyl)sulfide (1.4 equiv.) for C4 or (ii) Bis(diethylphosphomethyl)selenide
(1.4 equiv.) for C5, tetrahydrofuran, –78 °C; 2nd: nBuLi (2.85 equiv.), 15 min; 3rd: 25 °C, 30 min; 4th: –78 
°C, diformylferrocene C3 (1.0 equiv.), in tetrahydrofuran, 15 min; 5th: 25 °C, 1.5 hrs.; 6th: 60 °C, 12 h.
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solvent free bulk polymerization at 70 °C was performed using nBuLi as initiator giving linear pol-
yvinylferrocene DP-1b (b = using bulk polymerization), cross-linked DP-(2b – 4b) (Scheme E - 
5), as well as copolymer DP-(5b – 7b) (Scheme E - 6) in very high yields, in a much faster way. A 
complete monomer consumption and relatively high molar mass is characteristic.  
 
Scheme E - 5. Anionic polymerization for the vinylferrocene derivatives (linear and cross-linked 
polymers). 
DP-(1s – 7)s are found to be soluble in most common organic solvents, while highly cross-
linked polymers DP-3b, DP-4b, DP-6b and DP-7b are poorly soluble. This difference in the be-
havior shows that the cross-linking units are better incorporated during the bulk polymerization 
process. The co-polymerization process was proven by MALDI-TOF measurements of DP-5 – DP-
7(b, s) (Figure E - 1). One, two or three additional vinyl functionalities are represented by individual 
signal patterns with difference of 26, 52 and 76 m/z from the polyvinylferrocene peaks. 




Scheme E - 6. Co-polymerization of vinylferrocene D1 with other vinylferrocene derivatives 
D2, D3 or D4 as cross-linker. 
 
Figure E - 1. MALDI-TOF mass spectra; (A) DP-5b, (B) DP-6b, (C) DP-7b. 
Electrochemical measurements of DP-(1s – 7s) showed an reversible redox behavior and stable 
ferrocenyl/ferrocenium redox couples at least up to 100 cycles, however, due to the polymeric na-
ture of the compounds several ferrocenyl related oxidations are superimposed with one another. 
The spectroelectrochemical measurements reveals that only ligand-to-metal charge transfer 
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(LMCT) excitations of the cyclopentadienyls towards the Fe3+ ions can be found upon oxidation. 
No inter-valence charge transfer band was observed due to the presence of the aliphatic connecting 
units between the ferrocenyl moieties, which hinder a through-bond metal-metal communication 
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SUPPORTING INFORMATION FOR CHAPTER C 
 
Figure FSI - 1. 13C NMR spectrum of C2 in CDCl3. 
 
Figure FSI - 2. Solid state13C NMR spectrum of C2. 
 
13C{1H} NMR (CDCl3, 125.8 MHz)
13C{1H} CP-MAS NMR (100.6 MHz)




Figure FSI - 3. 13C NMR spectrum of C4 in CDCl3. 
 
Figure FSI - 4. Solid state13C NMR spectrum of C5. 
13C{1H} CP-MAS NMR (100.6 MHz)
13C{1H} CP-MAS NMR (100.6 MHz)




Figure FSI - 5. (A) UV/Vis-NIR spectra of C5.a (B) Deconvolution of the near-IR absorptions 
of [C5]n+.b ; a) At 25 ° C in anhydrous dichloromethane (0.5 mmol L−1) at rising potentials (bottom, 
−200 (black line) to 600 mV (red line); top, 600 (red line) to 1600 mV (blue line) vs Ag/AgCl); 
supporting electrolyte [NnBu4][B(C6F5)4]]. b) Using three Gaussian-shaped bands determined by 
spectroelectrochemistry in an OTTLE cell; red line: experimental data; black dotted line: simulated 
spectrum. 
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SUPPORTING INFORMATION FOR CHAPTER D 
 
Figure FSI - 6. Voltammograms of anhydrous dichloromethane solution of DP-2s (0.5 
mmol∙L−1), ([NnBu4][B(C6F5)4] (1.0 mmol∙L−1) used as supporting electrolyte) at 25 °C: (bottom) 
Cyclic voltammogram, (top) Square wave voltammogram. 
 
Figure FSI - 7. Voltammograms of anhydrous dichloromethane solution of DP-3s (0.5 
mmol∙L−1), ([NnBu4][B(C6F5)4] (1.0 mmol∙L−1) used as supporting electrolyte) at 25 °C: (bottom) 
Cyclic voltammogram, (top) Square wave voltammogram. 
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Figure FSI - 8. Voltammograms of anhydrous dichloromethane solution of DP-4s (0.5 
mmol∙L−1), ([NnBu4][B(C6F5)4] (1.0 mmol∙L−1) used as supporting electrolyte) at 25 °C: (bottom) 
Cyclic voltammogram, (top) Square wave voltammogram. 
 
 
Figure FSI - 9. Voltammograms of anhydrous dichloromethane solution of DP-6s (0.5 
mmol∙L−1), ([NnBu4][B(C6F5)4] (1.0 mmol∙L−1) used as supporting electrolyte) at 25 °C: (bottom) 
Cyclic voltammogram, (top) Square wave voltammogram. 
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Figure FSI - 10. Voltammograms of anhydrous dichloromethane solution of DP-7s (0.5 
mmol∙L−1), ([NnBu4][B(C6F5)4] (1.0 mmol∙L−1) used as supporting electrolyte) at 25 °C: (bottom) 
Cyclic voltammogram, (top) Square wave voltammogram. 
 
Figure FSI - 11. Cyclic voltammograms (100 cycles, scan rate = 200 mV∙s−1) of anhydrous 
dichloromethane solution of DP-1s (0.5 mmol∙L−1), ([NnBu4][B(C6F5)4] (1.0 mmol∙L−1) used as 
supporting electrolyte) at 25 °C. 
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Figure FSI - 12. Cyclic voltammograms (100 cycles, scan rate = 200 mV∙s−1) of anhydrous 
dichloromethane solution of DP-2s (0.5 mmol∙L−1), ([NnBu4][B(C6F5)4] (1.0 mmol∙L−1) used as 
supporting electrolyte) at 25 °C. 
 
Figure FSI - 13. Cyclic voltammograms (100 cycles, scan rate = 200 mV∙s−1) of anhydrous 
dichloromethane solution of DP-3s (0.5 mmol∙L−1), ([NnBu4][B(C6F5)4] (1.0 mmol∙L−1) used as 
supporting electrolyte) at 25 °C. 
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Figure FSI - 14. Cyclic voltammograms (100 cycles, scan rate = 200 mV∙s−1) of anhydrous 
dichloromethane solution of DP-4s (0.5 mmol∙L−1), ([NnBu4][B(C6F5)4] (1.0 mmol∙L−1) used as 
supporting electrolyte) at 25 °C. 
 
Figure FSI - 15. Cyclic voltammograms (100 cycles, scan rate = 200 mV∙s−1) of anhydrous 
dichloromethane solution of DP-5s (0.5 mmol∙L−1), ([NnBu4][B(C6F5)4] (1.0 mmol∙L−1) used as 
supporting electrolyte) at 25 °C. 
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Figure FSI - 16. Cyclic voltammograms (100 cycles, scan rate = 200 mV∙s−1) of anhydrous 
dichloromethane solution of DP-6s (0.5 mmol∙L−1), ([NnBu4][B(C6F5)4] (1.0 mmol∙L−1) used as 
supporting electrolyte) at 25 °C. 
 
Figure FSI - 17. Cyclic voltammograms (100 cycles, scan rate = 200 mV∙s−1) of anhydrous 
dichloromethane solution of DP-7s (0.5 mmol∙L−1), ([NnBu4][B(C6F5)4] (1.0 mmol∙L−1) used as 
supporting electrolyte) at 25 °C. 
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Figure FSI - 18. (A) UV/Vis-NIR spectra of DP-1s at 25 ° C in anhydrous dichloromethane 
(0.25 mmol L−1) at rising potentials (bottom, −200 (red line) to 1600 mV (blue line) vs Ag/AgCl); 
supporting electrolyte [NnBu4][B(C6F5)4]. (B) Deconvolution of the near-IR absorptions of [DP-
1s]n+ using three Gaussian-shaped bands determined by spectroelectrochemistry in an OTTLE cell; 
red line: experimental data; black dotted line: simulation spectra. 
 
Figure FSI - 19. UV/Vis-NIR spectra of DP-2s at 25 ° C in anhydrous dichloromethane (0.25 
mmol L−1) at rising potentials (bottom, −200 (red line) to 1600 mV (blue line) vs Ag/AgCl); sup-
porting electrolyte [NnBu4][B(C6F5)4]; No absorption bands were found within the NIR-region. 
 





















































Figure FSI - 20. (A) UV/Vis-NIR spectra of DP-3s at 25 ° C in anhydrous dichloromethane 
(0.25 mmol L−1) at rising potentials (bottom, −200 (red line) to 1600 mV (blue line) vs Ag/AgCl); 
supporting electrolyte [NnBu4][B(C6F5)4]. (B) Deconvolution of the near-IR absorptions of [DP-
3s]n+ using three Gaussian-shaped bands determined by spectroelectrochemistry in an OTTLE cell; 
red line: experimental data; black dotted line: simulation spectra. 
 
Figure FSI - 21. (A) UV/Vis-NIR spectra of DP-4s at 25 ° C in anhydrous dichloromethane 
(0.25 mmol L−1) at rising potentials (bottom, −200 (red line) to 1600 mV (blue line) vs Ag/AgCl); 
supporting electrolyte [NnBu4][B(C6F5)4]. (B) Deconvolution of the near-IR absorptions of [DP-
4s]n+ using three Gaussian-shaped bands determined by spectroelectrochemistry in an OTTLE cell; 
red line: experimental data; black dotted line: simulation spectra. 







































































Figure FSI - 22. (A) UV/Vis-NIR spectra of DP-5s at 25 ° C in anhydrous dichloromethane 
(0.25 mmol L−1) at rising potentials (bottom, −200 (red line) to 1600 mV (blue line) vs Ag/AgCl); 
supporting electrolyte [NnBu4][B(C6F5)4]. (B) Deconvolution of the near-IR absorptions of [DP-
5s]n+ using three Gaussian-shaped bands determined by spectroelectrochemistry in an OTTLE cell; 
red line: experimental data; black dotted line: simulation spectra. 
 
Figure FSI - 23. (A) UV/Vis-NIR spectra of DP-7s at 25 ° C in anhydrous dichloromethane 
(0.25 mmol L−1) at rising potentials (bottom, −200 (red line) to 1600 mV (blue line) vs Ag/AgCl); 
supporting electrolyte [NnBu4][B(C6F5)4]. (B) Deconvolution of the near-IR absorptions of [DP-
7s]n+ using three Gaussian-shaped bands determined by spectroelectrochemistry in an OTTLE cell; 
red line: experimental data; black dotted line: simulation spectra. 
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